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Abstract 
A devastating earthquake of magnitude Mw 7.9 occurred in Wenchuan area of Sichuan 
Province, China on 12
th
 May 2008 and caused great casualties and economic damage. This 
study is aiming to investigate the faulting geometry and motion of the major seismic faults in 
Longmenshan fault thrust belt that caused this earthquake, based on the surface rupture 
displacement data measured using differential interferometric synthetic aperture radar 
(DInSAR) and SAR amplitude pixel-offset techniques. The cross-event Japanese ALOS 
PALSAR data have been used for this study.  
First, the methodology for recovering the missing data in the decoherence zone of the 
DInSAR line-of-sight (LOS) surface motion maps was developed. In the area along the 
seismic fault zone, the coherence between pre- and post-event SAR images is completely lost 
because of the earthquake induced violent and chaotic destruction on the land surface and as 
the result, no surface displacement can be measured using the DInSAR technique. An 
Adaptive Local Kriging (ALK) technique has then been developed to retrieve the 
interferometric fringe patterns in the decoherence zone. The novel ALK operating in a multi-
step approach enables to retrieve and interpolate the values with high fidelity to the original 
dataset. Thus a map of continuous radar LOS displacement was generated. 
Then, the horizontal displacement motion maps in ground range and azimuth direction were 
derived from cross-event SAR amplitude image pairs using advanced sub-pixel offset 
technique, Phase Correlation based Image Analysis System (PCIAS). Though the ground 
range pixel-offset is proportional to the LOS displacement, the azimuth pixel-offset data 
provide extra information of the coseismic motion. Thus the horizontal displacement vector 
field can be obtained in order to constrain the faulting motions in key areas. 
Finally, with the constraints of the ALK refined DInSAR data and the horizontal 
displacement data together with the published seismic focal mechanism solutions, seismic 
reflection profiles and field observations, forward modelling was proceeded using the Poly3D 
software to decide the most likely faulting geometry based on the optimal matching between 
the simulated and the measured surface displacement. In the much disputed Beichuan – 
Pengguan area, the best fit is achieved only when the Pengguan fault is set as the main fault 
that intercept the Yingxiu-Beichuan fault at a depth of about 13 kilometres. This geometric 
relationship between the two faults and the distribution of slip is compatible with them being 
two adjacent splay faults on a propagating thrust.                                                                        . 
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Chapter 1 
Introduction 
1.1 The study area and problem definition 
An earthquake with magnitude Mw 7.9 occurred in Yingxiu Town, Wenchuan County, 
Sichuan Province, China on 12
th
 May, 2008, which is the largest seismic event in China in 
more than 50 years (Wang et al., 2009). The epicentre area is located on the eastern edge of 
the Tibetan Plateau, where the Longmenshan thrust belt runs over a length of 300 km from 
northeast (NE) to southwest (SW) (Burchfiel et al. 1995; Densmore et al., 2007; Burchfiel et 
al. 2008). Figure 1.1 shows the location of the Wenchuan earthquake affected area and the 
two major seismic faults in the Longmenshan fault zone, Yingxiu-Beichuan fault (YBF) and 
Pengguan fault (PF) respectively, as shown in many publications (Burchfiel et al. 2008; Chen 
and Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009). This devastated earthquake 
caused a huge casualties and serious damage to roads, bridges and urban areas around the 
Longmenshan fault zone (Lin et al., 2009). This fault zone is an imbricate thrust and fold belt 
and had experienced several major earthquake events in recent time such as two Mw 7+ 
earthquakes in 1933 and 1976 and a Mw 6.2 in 1958 (Xu et al., 2009).  
Formed by the India-Asia collision, the Tibetan Plateau is bounded by the North China, 
South China, and Qiangtang blocks in the tectonic collage of China (Sengör and Hsü, 1984; 
Mattauer et al., 1985; Xu et al., 1992; Yin and Nie, 1996). The NE trending Longmenshan 
fault system lies along the eastern boundary of the Tibetan Plateau separating the Qiangtang 
block in the west and South China block in the east. The 2008 Wenchuan earthquake 
reactivated the crustal shortening across the Longmenshan fault system (Hubbard and Shaw, 
2009), which contains many reverse and strike-slip fault motions. The indentation of the 
Indian Plate causing extrusion of Eurasia explains the WNW-ENE trending regional, tectonic, 
horizontal, compressive stress field that the Longmenshan fault system is subjected to 
(Burchfiel et al., 2008). The Longmenshan fault system is characterised by steep relief 
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varying from 1500 to more than 4500 meters above the sea level, in sharp contrast to the flat 
and relatively featureless Sichuan foreland basin to the east, as shown in Figure 1.1. 
The 2008 Wenchuan earthquake event induced a highly complicated rupture involving 
several fault strands running both parallel and perpendicular to the main rupture direction. 
This event also appears to have “jump” across fault steps of many kilometres (Lin et al., 2009; 
Milliner, 2010). Therefore, the characterisation of the coseismic deformation in this rupture is 
essential to understanding what/how the geometry of the Longmenshan fault system affects 
the surface displacement.  
Differential Interferometric Synthetic Aperture Radar (DInSAR) is an effective technique 
for the measurement of surface displacement caused by strong earthquakes (Goldstein and 
Zebker, 1987; Goldstein et al., 1989; Zebker et al., 1994a; Zebker et al., 1994b; Tong et al., 
2010; Furuya et al., 2010; Ge et al., 2008; Hashimoto et al., 2009). Shortly after the event, the 
Japan Aerospace Exploration Agency’s (JAXA) Advanced Land Observing Satellite (ALOS) 
provided coverage of Phased Array type L-band Synthetic Aperture Radar (PALSAR) data 
promptly after the main shock and then released across event interferometric PALSAR data to 
support the international research effort to study the active fault zone using DInSAR 
techniques. The long wavelength of L-band radar (about 24 cm) is less sensitive to 
considerable temporal variation and ensures good coherence in this heavily vegetated region, 
making the DInSAR technique generally effective to this event (Rosenqvist et al., 2007; 
Massonnet et al., 1998; Rosen et al., 2000). Besides, the DInSAR technique has the 
advantages of all weather, day and night observation of the surface motion.  
In order to derive the surface displacement induced by the Wenchuan earthquake and reveal 
the seismic fault geometry, there are two major tasks need to be dealt with: 
1. The area which is subject to the most significant deformation, i.e. along the 
earthquake fault zone (the Longmenshan fault system), suffers a complete loss of 
coherence between pre- and post-earthquake PALSAR images because of the intense 
and chaotic earthquake induced disruption of the land surface. As a consequence, no 
surface displacement data can be measured from differential interferograms in the 
central part of this fault zone. Therefore, there are a lots of gaps (no DInSAR data 
available) all over the DInSAR dataset, especially a large decoherence gap along the 
seismic fault zone. Recover the missing data in the decoherence zone along the major 
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seismic fault is curtail to establish a complete map of the deformation in the radar 
Line Of Sight (LOS, slant range) direction. 
2. As the DInSAR data is a coseismic deformation map in the LOS direction, it cannot 
fully characterize the 3D (three-dimensional) deformation along the seismic fault 
zone of the Wenchuan earthquake. However a refined DInSAR data can better 
constrain a forward modelling process to retrieval the most likely faulting 
configuration in 3D. There is considerable dispute on the relationship between the 
two major rupture faults of Wenchuan earthquake, YBF and PF, in the Longmenshan 
fault system. While many publications indicate that the YBF is the main fault 
intercepting the PF in depth along the section where the two are parallel (Li et al., 
2010; Shen et al., 2009; Xu et al., 2010; Tong et al., 2010), quite a few publications 
(Yu et al., 2010; Furuya et al., 2010; Li et al., 2009) suggest that the PF is the main 
fault that intercepts the YBF. With improved constrain by refined DInSAR data, the 
forward modelling may provide a more convincing configuration of the faulting 3D 
geometry. 
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1.2 The objectives of the research 
Based on the problem definitions describe in the previous section, the major objectives of 
the research are: 
Figure 1.1 The location of the study area in Sichuan Province, China. The colour 
composite of ETM+ bands 5, 3 and 1 (RGB) shows the Wenchuan earthquake 
affected area. The red star indicates the epicentre. The blue square boxes are cities 
and towns. Red lines represent interpreted faults of the Longmenshan fault zone 
(Burchfiel et al., 2008; Chen and Wilson, 1996; Dong et al., 2008; Hubbard and 
Shaw, 2009): the longer red line is the YBF, the shorter line is the PF. 
China 
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 Process the PALSAR data to generate DInSAR data of the whole Wenchuan earthquake 
zone. 
 Apply the sub-pixel offset method using the phase correlation sub-pixel technology to 
generate horizontal displacement maps from the cross-event SAR amplitude image pairs 
of the whole Wenchuan earthquake zone. 
 Develop a comprehensive interpolation method which can follow the local deformation 
trends of the DInSAR data to fill the decoherence gaps with high fidelity. Thus a refined, 
continuous DInSAR dataset without gaps can be derived. 
 Carry out a sequence of trial-and-error forward modelling experiments constrained by 
refined DInSAR data, sub-pixel offset data, focal mechanism data, field observations 
and fault slip models from relevant publications, so as to reveal the 3D faulting 
geometry of the YBF and the PF that resulted in the Wenchuan earthquake surface 
rupture. 
1.3 Approach 
1.3.1 SAR data selection for DInSAR processing 
Careful selection of SAR fringe pair datasets is essential to the success of DInSAR 
technique. In this research, the post-event ALOS PALSAR raw data used for DInSAR were 
collected during 41 days after the earthquake in fine resolution mode. The pre-event data 
satisfying interferometric configuration with the post-event data expend for more than a year 
before the earthquake. The Eoli-sa program of ESA (European Space Agency) was used for 
data selection. For given ranges of spatial distance (perpendicular baseline,   ) and temporal 
separation (temporal baseline) between two arbitrary satellite orbits, the program shows the 
available fringe pairs in a specified region. Short baselines (  ) are always preferred for 
repeat pass DInSAR, no more than 500 meters is a general criterion used in this research to 
prevent significant spatial baseline decorrelation (Zebker and Villasenor, 1992; Lee, 2001). 
Raw complex SAR data, all from ascending orbits, have been used in this research.  
SAR image construction from the raw complex SAR data and the subsequent DInSAR 
processing were performed using an open-source software, Repeat Orbit Interferometry 
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Package (ROI_PAC) (Rosen et al., 2004) developed at Jet Propulsion Laboratory 
(Caltech/JPL). Most of the post-processing procedures and visualisation were performed 
using ENVI&IDL and ERMapper software packages.  
1.3.2 Phase correlation sub-pixel technology and pixel-offset data derivation 
Although the DInSAR technique is an effective tool for the measurement of surface 
displacement caused by strong earthquakes, the crucial evidence of deformation along the 
very near vicinity of a seismic fault is often missing because chaotic ruptures destroy the 
InSAR signal coherence, which is the case of the Longmenshan fault zone of the 2008 
Wenchuan earthquake. The pixel-offset data measured between the cross earthquake event 
SAR amplitude (intensity) images provide displacement information in ground range and 
azimuth directions (Leprince et al., 2007b). The ground range pixel-offset is directly 
convertible to the LOS though of much lower resolution and thus, as an alternative approach, 
the pixel-offset technique may amend some missing data in the decoherence zone where 
spatial features in the cross-event SAR images may still have adequate correlation. The cross-
event PALSAR amplitude images covering the entire Longmenshan thrust belt were then 
processed using the Phase Correlation based Image Analysis System (PCIAS) (Liu and Yan, 
2006 and 2008; Morgan et al., 2010), which allows measuring the pixel-offset field at high 
sub-pixel accuracy.  
1.3.3 Development of Adaptive Local Kriging (ALK) method 
Between the DInSAR and pixel-offset techniques, the DInSAR is more accurate and 
reliable and therefore more preferred. The pixel-offset technique can only recover part of the 
missing data in the decoherence gaps and with considerable uncertainty. Retrieval of all the 
missing data in the decoherence belt is of crucial importance in establishing a full LOS 
deformation map of the Wenchuan earthquake so as to improve the understanding of large-
scale faulting mechanisms and displacement magnitudes caused by the earthquake. 
Consequently, a new moving windows based interpolation method, Adaptive Local Kriging 
(ALK), is designed in this study to retrieve the missing DInSAR data within the decoherence 
zone in order to fully recover the LOS displacement maps. To deal with the sharp change in 
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the direction of deformation trend across the seismic fault line, a multi-step ALK processing 
procedure is then developed to produce the LOS displacement map with all the decoherence 
gaps filled and the opposite direction of deformation across the faults preserved but with a 
continuous transition.  
1.3.4 Forward modelling of Wenchuan earthquake faulting constrained by 
the refined DInSAR data and horizontal displacement vector fields 
The ALK refine DInSAR data and pixel-offset data provide an improved constraint to the 
forward modelling of the fault geometry and style of the Longmenshan fault system using the 
Poly3D software (Thomas, 1993). The initial fault parameters, such as strike angles, dip 
angles and slip rates, were based on the focal mechanism solutions from the USGS (United 
States Geological Survey), the seismic reflection profiles (Li et al., 2010) and the field 
observation data from some other publications (Li et al., 2010; Huang et al., 2008; Xu et al., 
2009; Yu et al., 2010; Shen et al., 2009; Xu et al., 2010; Hashimoto et al., 2009; Tong et al., 
2010; Furuya, 2010). In a sequence of trial and error experiments, the fault parameters were 
modified and fine tuned aiming to achieve the best match between the simulated fringe 
patterns and the ALK differential interferogram.  
1.4 The structure of the thesis 
This thesis comprises 6 chapters. 
Chapter 1 introduces objective, approach and structure of the thesis. 
Chapter 2 reviews the recent publications of the Longmenshan fault system and the 
Wenchuan earthquake deformation and the basic principles of InSAR and DInSAR and the 
pixel-offset techniques. 
Chapter 3 describes the ALOS PALSAR and GDEM data, the ROI_PAC DInSAR 
processing and the DInSAR data assessment. This chapter also describes the concept of phase 
correlation method and derivation of coseismic pixel-offset data of the Wenchuan earthquake.  
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Chapter 4 presents the development of the new interpolation method, Adaptive Local 
Kriging (ALK), and the multi-step ALK processing procedure, together with the fidelity 
assessment of the ALK method. 
Chapter 5 is trying to answer how the measured coseismic deformation (ALK DInSAR 
data and pixel-offset data) was induced by the Wenchuan earthquake by forward modelling of 
the Longmenshan fault system using the Poly3D software. Representative scenarios of fault 
models and simulation results are presented to achieve an improved understanding of possible 
tectonic setting in the region.  
Chapter 6 summarizes the main contributions of the research and the suggestions for future 
study. 
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Chapter 2 
Review 
2.1 Wenchuan earthquake: up-to-date study of Longmenshan 
fault system and the earthquake deformation 
Since the Wenchuan earthquake accrued four years ago in 2008, it has been a hot topic for 
earth science study. The field observation along the seismic fault zone, the Longmenshan fault 
system made by several researchers (Xu et al., 2009; Yu et al., 2010; Lin et al., 2009; Li et al., 
2009) provided valuable seismic deformation data, though these records only represent the 
surface displacement locally. The Longmenshan fault system is situated in a high relief 
mountain region which makes the researchers difficult to measure the surface displacement in 
most areas and as the result, field observation is not adequate to establish a whole picture of 
the surface deformation for the entire Longmenshan fault system. However, field observation 
data formulate the essential constraint for the faulting motions and styles for verifications of 
the data derived from other means and numerical modelling. 
Thus, DInSAR technique has been widely used to measure the surface deformation resulted 
from the Wenchuan earthquake in the area of the Longmenshan fault system. Unfortunately, 
deformation data in the decoherence belt of the Longmenshan fault zone is not measurable 
using DInSAR method, as the preliminary results shown in the most of the publications, such 
as, Ge et al., 2008; Shen et al., 2009; Hashimoto et al., 2009; Furuya et al., 2010, Tong et al., 
2010; Zhang et al., 2011. This is because the displacement near the fault zone was of large 
magnitude and chaotic that resulted in loss of coherence between across-event interferometric 
SAR image pairs. The area lost coherence spreads over an area about 200 km long and 10-30 
km wide prevents us from satisfactorily obtaining the ground deformation in the proximity of 
the fault zone (Kobayashi et al., 2009). Decoherence is an inherited weakness of the DInSAR 
technique.  
Another method to measure the ground displacement is to apply the sub-pixel offset 
technique to the pre- and post- earthquake SAR amplitude images (Michel et al., 1999; Tobita 
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et al., 2001; Pathier et al., 2006). Shen et al., 2009, Hashimoto et al., 2009, Kobayashi et al., 
2009 and Furuya et al., 2010, Zhang et al., 2011 applied this technique to the cross-event 
ALOS PALSAR amplitude images to measure the surface displacement in the ground range 
and azimuth directions. Thus, the two major surface ruptures, YBF and PF, in the 
Longmenshan fault system can be traced but at much lower resolution in comparison with that 
of the DInSAR technique at better than half radar wavelength. The DInSAR provides data of 
displacement in LOS direction while the sub-pixel offset data represents the horizontal 
displacement in ground range and azimuth directions. Both datasets cannot characterize the 
full 3D surface deformation of the Wenchuan earthquake. 
Therefore, the numerical modelling is essential to help us to understand how the 
Longmenshan fault ruptured during the Wenchuan earthquake. The initial fault models were 
started with a single large fault plane to represent the entire Longmenshan fault zone; Ji, 2008 
and Zhang et al., 2008 used the seismic data from the GSN (Global Seismic Network) in order 
to invert and estimate the slip distribution on the fault plane based on the finite fault inverse 
algorithm. The results indicated that the earthquake was mainly a thrust event with right-
lateral strike-slip component, which is consisting with the focal mechanism solutions from the 
USGS. However, these seismic data are far away from the seismic fault zone and the density 
of the dataset is not sufficient. Moreover, using a single fault plane to represent the entire 
Longmenshan fault zone is over simplified to the reality. Thus, the near field deformation data, 
such as the sub-pixel offset, DInSAR and/or GPS (Global Positioning System) data are 
essential to modification of the fault configuration in order to improve the simulation results. 
Hashimoto et al., 2009 used the DInSAR, sub-pixel offset data and trace of the rupture 
faults as the auxiliary data in a geological numerical modelling. The fault model was based on 
the observation to the differential interferograms. Several concentric fringe patterns can be 
observed, which may correspond to individual fault segments or their boundaries. Thus, the 
initial fault model with eight fault segments was proposed to represent the YBF in the 
Longmenshan fault zone. The Okada’s formula (1985) was then applied to the DInSAR data 
and the initial fault parameters, such as dip angle and the depth, for each fault segment, to 
generate the simulated DInSAR data. The fault parameters were then tuned by trial and error 
to obtain the optimal results. The dip angle and the depth of each fault segment is from 70° to 
33° and ~14km to ~16km below the surface respectively, from the NE to the SW along the 
YBF. The initial result of the modelled DInSAR data with only YBF shows the large residuals 
on the footwall of the southern part of the YBF, which implies that the fault system in the 
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southern part of the Longmenshan fault zone is more complex, there may be significant slip 
on the PF resulting in a parallel fault system in this region. The fault model was then further 
modified to total fourteen fault segments, eight for the YBF and six for PF. The fault 
parameters of the YBF remain the same as the initial fault model. The dip angles and the 
depth of the fault segments of the PF are 33° and ~16km below the surface respectively. The 
result of the parallel fault system model mitigated the residual at the footwall of the southern 
part of the YBF (hanging wall of the PF) and revealed two regions with the large slips up to 
~5m on the hanging wall of the YBF, one was the epicentre area of the Wenchuan earthquake 
and the other was in the area near the old Beichuan town. Thrust motion was dominant in the 
southern part of the Longmenshan fault system and become dextral slip in the NE.  
Similarly, Shen et al., 2009, Xu et al., 2010, Tong et al., 2010 and Zhang et al., 2011 used 
the DInSAR and GPS to invert the slip rates on each fault segment based on Okada’s (1992) 
elastic half-space model. Before the inverse modelling, the geometry of the major rupture 
faults were determined using the sub-pixel offset data, such as the strike angle of the YBF and 
PF. Based on the sub-pixel offset data, the YBF and PF can be divided into several fault 
segments with varying strike angles. The initial dip angle for each fault segment is based on 
the seismic profiles (Xu et al., 2009 and Li et al., 2010) and location of aftershocks (Huang et 
al., 2008). The inversion was then proceeded by trial and error in order to obtain the optimal 
dip angles and the slip distribution. 
The fault model in Shen et al., 2009 contains fourteen fault segments, eleven segments for 
the YBF and three for the PF. The optimal dip angles and the depths for each YBF fault 
segments varies from 40° ~ 90° and 20km ~ 10km below the surface from the SW to the NE 
respectively. The PF dips shallowly at about 28° and shared a common root with the YBF at 
the depth about 18km below the surface. The modelled result shows three high slip 
concentrations. The first one is the Yingxiu region with the local maximum 5.8m thrust slip 
and dextral slip about 2.5m respectively. The second is in Beichuan region with 5.2m thrust 
slip and 4.8m dextral slip. In addition to the two prominent high slip areas, a minor peak is 
located near Nanba with about 3m thrust slip and 3.2 dextral slip respectively. These three 
areas of high slip concentration are located near the intersections of fault segments. The slip 
maxima close to Yingxiu and Beichuan are near fault bifurcations and conjugates rupture 
junctions and the high slip close to Nanba spans a fault step-over, which is a change of the 
fault dip angle (Shen et al., 2009). 
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Xu et al., 2010 used five curved-like fault segments to represents the major rupture faults, 
four segments for YBF and one for PF, of the Longmenshan fault zone. The optimal dip 
angles at the bottom are fixed at 20° and varies from 40° ~ 60°at the top from the SW to NE 
for each fault segment. The depth of each fault segment follows the strike with 30km to 34 
km below the surface from SW to NE. The PF is dipping 44° at the top of the fault segment 
and merged with the YBF at the depth about 18km below the surface. The inverted slip 
distribution on the fault segments show that there are four slip asperities near the surface 
along the YBF, which are close to Hongkou town (NE of Yingxiu town), Yuejiashan town, 
Beichuan town, and Nanba town, respectively. Two major asperities are located in the 
Hongkou and Beichuan regions with the maximum net slip close to 10 m. 
Zhang et al., 2011, again, used five fault segments to calculate the slip rate on the modelled 
Longmenshan fault system, four segments for YBF and one for the PF. In this model, the 
depth of the YBF and the PF segments are fixed to 32km and 18km below the surface 
respectively. The optimal dip angles of the YBF segments vary from 47° ~ 80° from SW to 
NE, the PF is dipping at 33°. The modelled slip result shows three peak slip areas along the 
YBF, Yingxiu, Yuejiashan and Beichuan area respectively. The major slip motions were 
occurred in the Yingxiu and Yuejiashan regions, which is different from that in the field 
observations and the publications describe above. However, the relationship between the PF 
and the YBF below the surface is not discussed in this fault model. 
Other than the DInSAR and GPS data mentioned above, Tong et al., 2010 also used 
geological field data, the scarp heights, (Liu et al., 2009) in the elastic half-space model for 
the coseismic slip inversion. Four planar fault segments were configured, three segments for 
the YBF and one for the PF, with the optimal dip angles from 35° ~ 70° from SW to NE along 
the YBF and 25° for the PF. The depth of each fault segment of the YBF varies from 25km to 
~20km from SW to NE below the surface and ~10km for the PF. The modelled slip result is 
similar to Xu et al., 2010, four obvious peak slip motions can be observed along the YBF, 
which are close to the Yingxiu town, Yuejiashan town, Beichuan town, and Nanba town. Two 
slip maxima were located in the Yingxiu and Beichuan regions with the maximum net slip 
12m and 10m respectively. The model showed that the rupture on the PF was extremely 
shallow, on average at depth of 3 to 4 km, which indicated the PF intersects and converges 
with the YBF at depth. The result suggests that the slip magnitude decreased with depth and 
concentrated in the upper 10km to terrain surface. 
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Furuya et al., 2010 used only DInSAR and sub-pixel offset data for the coseismic slip 
inversion. The fault configuration at the SW part of the Longmenshan fault system is different 
from others described above. There are six fault segments to represent the Longmenshan 
faults, four segments for the YBF, one for the PF and one for the Xiaoyudong fault (XF). The 
XF intersects with the YBF and the PF. In the section of the parallel faults, the depth of the PF 
is extended to about 25km below the surface, while the depth of the YBF in this section is 
about 8km below the surface. Two faults do not intersect with each other. The depth of the 
YBF changes from 8km to 22km from SW to NE below the surface and the XF is 22km in 
depth. Given the DInSAR, ground range, azimuth offset data and the initial fault parameters, 
such as strike and dip angles, length and width of each fault segment, etc, the initial slip 
distribution and the modelled azimuth offset data can be obtained. The magnitude changes 
across the faults in the modelled azimuth offset data were compared with the original azimuth 
offset data. Based on the relationship between the changes of the dip angle of the faults and 
the magnitude changes across the fault in the modelled azimuth offset data, keep other fault 
parameters fixed, the dip angle for each fault segment is then fine-tuned iteratively in the 
inversion in order to obtain the optimal results. The final dip angle varies from 55° ~ 90° 
along the YBF from SW to NE. The PF and the XF are dipping at 35° and 85° respectively. 
The modelled slip distribution is similar to the results by Shen et al., 2009 and Tong et al., 
2010. The maximum slip of about 10m, consisting of both thrust and right-lateral slip 
components, is identified on the fault segments close to the surface along the YBF. 
The numerical models discussed above all have slightly to considerably different 
configurations and the results show discrepancies but they are consistent to indicate that the 
thrust component dominated at the SW of the Longmenshan fault system and become right-
lateral strike slip towards the NE and the peak slip were located near the Ynigxiu, Beichuan 
and Nanba regions. These similar results implies that the inverse modelling is largely depends 
on the source dataset (e.g. DInSAR or GPS data). A major discrepancy is the interpretation of 
the relationship between the YBF and PF in greater depth from surface and further 
investigation is required.  
Up-to-date, as mentioned above, all the measurements and numerical modelling of the 
Wenchuan earthquake rely on the DInSAR and/or sub-pixel offset techniques. Therefore, the 
basic principles of the InSAR/ DInSAR and sub-pixel offset methods will be introduced and 
reviewed in the following sections of this chapter. 
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2.2 Overview of InSAR and DInSAR 
Synthetic Aperture Radar Interferometry (InSAR) is a technique which is applied to phase 
component of two SAR images acquired from relatively close positions to distinguish and 
study the interference patterns between the two images. InSAR can provide spatially 
continuous measurement of deform fields (Massonnet and Feigl, 1998), the technique that is 
called DInSAR. DInSAR technique has been widely used in decade, for instance, earthquake 
(Zebker, et al., 1994), volcanic (Rosen, et al., 1996), groundwater monitoring (Chang et al., 
2004; Yen et al., 2006). This section reviews the definitions and configurations of SAR 
interferometry for topographic mapping and the surface displacement measurement. 
2.2.1 General Principle of InSAR and DInSAR and feasibility conditions 
SAR interferometry 
Initially, InSAR technique was developed to derive topographic data via radar sensing 
(Zebker & Goldstein, 1986; Gabriel, et al. 1989). The mathematical theory of InSAR has been 
elaborated in a number of publications in great details (e.g. Franceschetti and Lanari, 1999; 
Hanssen, 2001) and can be referenced for further information. In general, it is a technique to 
extract surface elevation data using the complex correlation coefficient of two SAR signals. 
The complex correlation coefficient,  , of the two SAR observations,    and   , is define as 
  
 [    
 ]
√ [    
 ] [    
 ]
                                                                                    (2.1) 
where E[] is the mathematical expectation (ensemble averaging) and * the complex conjugate. 
The interferometric phase is defined as the phase of the complex correlation coefficient as 
     { [    
 ]}                                                                                               (2.2) 
and its two dimensional map is called the interferogram. 
The coherence is the magnitude of the complex correlation coefficient as 
  | |                                                                                                                 (2.3) 
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its two dimensional map is called the coherence image. The value range of the coherence 
image is [0, 1] from not coherent at all to completely coherent. 
An interferogram contains the interferometric phase fringes from SAR geometry, together 
with those from topography as well as the surface displacement if there are any. The 
coherence of two SAR observations represents the similarity (coherent level) between the two 
radar reflection signals in a given neighbourhood. To generate a meaningful interferogram, 
two SAR images must have relatively high coherence. 
 
 
 
Figure 2.1 shows the interferometric geometry of two imaging radar systems. This figure is 
drawn in a plane perpendicular to the along-track direction. A SAR sensor mounted on a 
platform in two different positions, A1 and A2. The distance between A1 and A2 is called the 
baseline, B, and observe the complex response at slant range r and    , respectively. The 
SAR look angle is  . The height of A1 above the zero elevation level is h (altitude of the 
satellite). The angle of the baseline with respect to the horizontal is  . Thus, using the slant 
range r and     and the height h, it is possible to derive the height z of point C. The 
measured interferometric phase of the two slant range difference is 
Figure 2.1 The geometry of radar interferometry. 
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This is    times the round-trip distance difference in wavelengths. Using the cosine rule, the 
    can be expressed as 
(   )              [
 
 
 (   )] or  
(   )              (   )                                                               (2.5) 
Neglecting the term of order   , (2.5) can be simplified as 
       (   )  
  
  
                                                                                     (2.6) 
the second term on the right can be ignored, because r is much larger distance than B. 
Therefore 
       (   )                                                                                              (2.7) 
If there is no surface change during the interval A1 and A2, the elevation of the measured 
point C  can be defined as 
                                                                                                             (2.8) 
The phase   is a variable with    period. The phase information is recorded in the SAR 
data as complex numbers and only the principle phase    within    can be derived. 
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                                                                           (2.9) 
In the later work, the phase unwrapping needs to be applied to remove the modulo    to 
generate the DEM. Moreover, the phase effects due to the shape of the Earth’s ellipsoid 
(Earth’s curvature) need to be removed as well, so the elevation z remains. 
To prove the phase difference can be used to measure the topography, the partial 
differentiation of the elevation z to the slant range increment   is 
  
  
 
  
  
  
  
                                                                                                           (2.10) 
from (2.8) 
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                                                                                                              (2.11) 
rearrange (2.5), so 
  
  
 can be expressed as 
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therefore,  
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as compare to r, the distance   is relatively small, can be ingored. (2.13) become 
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where the numerator on the right is the perpendicular baseline   , so (2.14) can be rewritten 
as 
  
  
  
     
  
                                                                                                       (2.15) 
The relationship between change in elevation z and the change in phase   can be expressed 
as 
  
  
 
  
  
  
  
                                                                                                          (2.16) 
therefore, from (2.15) and the partial derivative of  (2.4) 
  
  
  
      
    
                                                                                                    (2.17) 
Therefore, for a phase increment   , 
    
      
   
                                                                                                (2.18) 
For one fringe cycle,      , 
      
      
   
                                                                                                 (2.19) 
The altitude of the satellite h is known, thus we could rather use h instead of slant range r in 
(2.19). Rearrange (2.8) so (2.19) become 
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                                                                                                (2.20) 
Therefore, as    increases, the elevation increment represented by one    cycle of phase 
difference becomes less, which means the higher DEM resolution can be obtained. 
Differential SAR interferometry 
Further development resulted in techniques to extract interferometric phase fringes from 
coherent block displacement of the surface, which is called Differential SAR interferometry 
(DInSAR). The phase difference between the two scenes of an interferometric pair contains 
the variations of the satellite-ground distance during the acquisition time interval which is 
mainly projection of, say coseismic, displacement vector on the satellite LOS direction 
(Peyret et al., 2007). The measured phase difference between two corresponding pixels is 
expressed by interferometry equation after precise co-registration of the two images (Reigber 
et al., 2007), as follows: 
                                                                          (2.21) 
Where       is the topography phase signature,       is the flat earth phase caused by the 
imaging geometry,       is differential displacement pattern,        is the phase error caused 
by inaccurate orbit parameters,      is atmospheric artefacts and        refers to noise 
contribution. The       and       are the major contributors to   . 
The DInSAR is based on a repeat-pass spaceborne radar interferometer configuration. If the 
terrain is deformed by an earthquake on a fault, then the deformation is translated directly as 
the phase difference between two SAR observations, made before and after the event.  
If the surface displacement is as a result of single or cumulative surface movement occurred 
between the acquisition times of two SAR images A1 and A2, the component of the surface 
displacement in the LOS (slant range) direction,  , contributes to additional interferometric 
phase as 
  
  
 
(   )                                                                                               (2.22) 
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For the purpose of surface displacement measurement, the zero-baseline InSAR 
configuration is the ideal as    , so that 
         
  
 
                                                                                           (2.23) 
This zero-baseline, repeat-pass InSAR configuration is often not achievable for spaceborne 
SAR system. Therefore, a methodology to remove the topographic phase and the system 
geometric phase in a non-zero baseline interferogram is needed. If the interferometric phase 
from the InSAR system geometry and topography can be removed from the interferogram, the 
remaining phase would be the phase from the surface deformation, providing that the surface 
maintains high coherence (Lee, 2001).  
There are two DInSAR techniques to remove topographic phase from the interferogram: 1) 
three-pass method (Zebker et al., 1994). 2) DEM method or two-pass method (Massonnet et 
al., 1993).  
The three-pass method uses two pre-event SAR images and one post event image, a pre-
event and a cross-event fringe pair can be formulated and so a differential interferogram can 
be derived directly. The DInSAR formula, after the Earth’s curvature flattening correction, 
can be expressed below (Zebker, et al., 1994) 
          
   
   
       
  
 
                                                                       (2.24) 
where        and        are unwrapped pre-event and cross-event interferograms after the 
Earth’s curvature flattening correction. The operation removes the topography and retains the 
geometric deformation of the land surface.  
Based on the (2.24), the surface displacement sensitivity of DInSAR can be expressed as 
  
  
 
  
 
                                                                                                               (2.25) 
if comparing with the height sensitivity of InSAR (2.17), the differential interferometric phase 
is directly proportional to the surface deformation measured at centimetre wavelength level 
rather than the topography that relates to    at >meters level. Therefore, DInSAR can provide 
measurements of terrain deformation at better accuracy.  
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The second method uses a high quality DEM (e.g. SRTM DEM, ASTER GDEM) for an 
area under investigation generated from the existing topographic information obtained from 
other sources. The topographic phase,      , can then be simulated from the DEM and 
subtracted from the interferogram, as below 
            
  
 
                                                                                    (2.26) 
In this case,    is the flattened cross-event SAR interferogram. The subtraction here is 
equivalent to the complex conjugate between the simulated interferogram from a DEM and 
the SAR interferogram. 
The advantages of using a DEM to generate       are that it is not restricted by the 
availability of suitable SAR fringe pairs and that the quality of       is guaranteed without 
the need of unwrapping. The DEM method is used in this research and the procedures to 
produce a differential interferogram in this research will be described in the Chapter 3. 
InSAR & DInSAR decorrelation factors 
There are several decorrelation factors that affect DInSAR data needs to be addressed. 
Temporal decorrelation 
If there is no surface displacement involved, then the temporal decorrelation comes from 
physical changes in the surface over the time period between observations. In this case, any 
random changes to the scatterers on the land surface between the two acquisitions will result 
in irregular variation in phase which will reduce the coherence, such decorrelation can be 
caused by vegetation growth, wind-blown sands, erosion, etc. Since random changes on a land 
surface are cumulative, a SAR fringe pair with a long temporal separation is likely to have 
low coherence and cannot be used to produce a high quality interferogram.  
Baseline awareness 
As in equation (2.20), perpendicular baseline    plays the key role in InSAR technique. A 
very large   , though more sensitive to elevation, will significantly reduce the coherence 
level, because the two radar beam become less parallel. Most InSAR applications require the 
ratio 
  
 
 ( r  is the distance between the SAR antenna and the target, refers to Figure 2.1) to be 
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less than 1/1000. For instance, the spaceborne SAR onboard ERS and ENVISAT with an 
orbital altitude of ~800km and nominal view angle of 23º, the desirable    for effective 
InSAR should be less than 1000m. In the case of DInSAR, a short    is preferred to minimize 
fringes of topography. The temporal and spatial decorrelation effects have been thoroughly 
studied by H. Lee, 2001.  
Volume scattering 
Volume decorrelation is related to the penetration of the radar waves, depends on the radar 
wavelengths and the scattering medium (Hoen and Zebker, 2000), the returned signal is 
composed of the compounded targets encountered in the radar beam. Generally, both the 
surface scattering and the volume scattering contribute to the radar backscattering signals. The 
larger the vertical extent of the scatterers contributing to the returned radar signal, the greater 
the decorrelation will be, such as forest. In the radar interferometry, the presence of volume 
scattering decreases the coherence level. In particular, the decorrelation from volume 
scattering increases as the baseline increases (Gatelli et al., 1994 and Hagberg et al., 1995). 
Table 2.1 shows the wavelengths in different radar band type. Many spaceborne SAR 
systems use C band (wavelength ≈ 5.6 cm), such as ERS-1, 2, RADARSAT and ENVISAT. 
To avoid volume scattering effect, longer wavelength is preferred (Hanssen, 2001), for 
instance, L band (wavelength ≈ 23.6 cm) PALSAR. Figure 2.2 indicates that shorter 
wavelength C band is unable to penetrate through the vegetation canopy whilst the L band is 
able to go through the vegetation canopy, reach the land surface and bounce to the trunk of 
the tree and then bounce back to the sensor (so called double-bounce scattering). In this case, 
the radar sensor receives stronger returning signals than volume scattering. Therefore, L band 
is more suitable for dense vegetation area, such as Longmenshan fault zone. 
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Figure 2.2 Volume scattering effect often occurs at shorter wavelength. 
C band L band 
Band Wavelength, λ, (cm) Frequency (MHz) 
Ka 0.75 ~ 1.1 40000 ~ 26500 
K 1.1 ~ 1.67 26500 ~ 18000 
Ku 1.67 ~ 2.4 18000 ~ 12500 
X 2.4 ~ 3.75 12500 ~ 8000 
C 3.75 ~ 7.5 8000 ~ 4000 
S 7.5 ~ 15 4000 ~ 2000 
L 15 ~ 30 2000 ~ 1000 
P 30 ~ 100 1000 ~ 300 
 
Table 2.1 Radar band type. 
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2.2.2 DInSAR applications for earthquake deformation measurement 
The ability of DInSAR to estimate deformation phase is useful to study the surface 
deformation. The surface deformation is often caused by earthquake (i.e. coseismic and 
postseismic deformation), volcanic activity, landslide and human activity (e.g. land 
subsidence caused by mining and ground water pumping activities). 
To measure the coseismic deformation due to an earthquake, the interferogram must be 
formed from two SAR images that cover before and after the earthquake. Massonnet and 
Rabaute, 1993 published the first interferogram of Landers Earthquake, California that 
occurred on June 28, 1992. Other cases, such as the strong thrusting motion earthquake 
occurred in 1999 Chi-Chi, Taiwan (Liu et al., 2004) and 2008 Wenchuan, China (Ge et al., 
2008; Hashimoto et al., 2009; Furuya et al., 2010), were also investigated using DInSAR 
method. Moreover, DInSAR technique was used widely not just in characterizing the 
coseismic deformation field resulted from earthquakes, but also in the fault geometry, and the 
slip distribution (Delouis et al., 2002; Feigl et al., 2002; Hashimoto et al., 2009; Furuya et al., 
2010). In an accumulation approach, the technique have been used in postseismic deformation 
and relaxation, and interseismic creep (Wright et al., 2001; Burgmann et al., 2000a; 
Arnadottir et al., 2005; Cakir et al., 2005; Ryder et al., 2007) because of its ability to measure 
millimetre to centimetre scale changes deformation over time spans of days to years. Tobita et 
al., 1998 detected a significant postseismic deformation after 1995 earthquake in North 
Sakhalin Island, Russia, by processing the JERS L-band SAR data. 
2.3 Sub-pixel technology and pixel-offsetting method 
Sub-pixel offset technique has been used by several researches to measure the surface 
changes from optical satellite images including horizontal deformations caused by 
earthquakes (van Puymbroeck et al., 2000; Liu et al., 2006; Dominguez et al., 2006; Leprince 
et al., 2007a; Kobayashi et al., 2009), surface motion of mountain glaciers (Berthier et al., 
2005) and landslides (Delacourt et al., 2004). Sub-pixel offset method also provides the 
displacement data near the fault trace, where the DInSAR is unable to achieve due to the 
decorrelation (Jonsson et al., 2002), complex surface ruptures and cracks or when the fringe 
rate exceeds the limit of one pixel per fringe (Avouac et al., 2006).  
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The deformation area across the fault zone and its variation along the strike, which is 
important to understand the seismic process and assessment of near fault damages, might be 
estimated better from sub-pixel offset using optical image correlation rather than DInSAR 
(Avouac et al., 2006). However, the severe earthquake events, such as 2008 Wenchuan 
earthquake, often comes with bad weather which obstructs the images taken by the satellite. 
Fortunately, the sub-pixel offset can be applied on all-weather capable SAR images as well 
(Sarti et al., 2006; Kobayashi et al., 2009). Michel et al., 1999, have applied this technique on 
ERS SAR amplitude images for the Landers earthquake test case. de Michele et al., 2010 
applied this method on ALOS PALSAR amplitude images for 2008 Wenchuan earthquake to 
measure two surface ruptures (YBF and PF). This technique provides complementary 
information, since the interferograms are only sensitive to the surface displacement in the 
LOS direction while the sub-pixel offset technique measures the motion in both ground range 
and azimuth directions. 
The sub-pixel offset calculates the offset or displacement between the image positions of 
corresponding pixels in two co-registered images taken on different dates. Different 
algorithms and procedures have been developed to accomplish this technique, such as 
imageodesy using normalized cross-correlation (Crippen and Blom, 1991), Fourier analysis 
(van Puymbroeck et al., 2000) and co-registration of optically sensed images and correlation 
(Leprince et al., 2007a). 
The imageodesy was proposed by Crippen and Blom, 1991, and the technique used for 
measuring the sub-resolution movement of barchan sand dunes in the area of the west of the 
Superstition Hills, Imperial County, California. The algorithm is based on the statistical 
concept of normal distribution. The measurements with random errors should have a bell-
shaped symmetric probability distribution with its peak indicating the most likely true value. 
If the number of measurements increases, the shape of normal distribution can be defined 
sufficiently well and the peak is determined accurately. Thus, the probability of accuracy of 
the statistical determination is improved with the number of measurements (Crippen and 
Blom, 1991). In this method, the surface displacement is determined at sub-pixel accuracy 
level through Normalized Cross Correlation (NCC).  
Fourier analysis has been used by van Puymbroeck et al., 2000, to map the ground 
displacements induced by earthquakes. The offset caused by stereoscopic effect and roll, pitch 
and yaw of the satellite and detector artefacts are estimated and compensated in this algorithm. 
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Images are resampled in a cartographic projection with a low-bias interpolator and sub-pixel 
correlator in the Fourier domain and provide two-dimensional offset maps with the 
independent measurements (van Puymbroeck et al., 2000). Fourier methods are known as 
frequential correlation.  
Leprince et al., 2007a have described a procedure to accurately measure ground 
deformation from the optical satellite imagery, so called Co-registration of Optically Sensed 
Images and Correlation (COSI-Corr). The COSI-Corr utilizes NCC and another algorithm 
based on Fourier shift theorem and computes the offsets in the frequency domain. This 
technique allows for accurate estimation of sub-pixel displacements between a pair of images 
and has been implemented in a software package. This method has been used and tested by 
Leprince et al., 2007b to analyse the Mw 7.6 Kashimir and Mw 7.3 Landers earthquakes using 
ASTER and aerial images, respectively.  
The sub-pixel offset method used in this thesis is developed by Liu and Yan, 2006 and 2008; 
Morgan et al., 2010, which is called Phase Correlation based Image Analysis System (PCIAS) 
and will describe in later chapter.  
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Chapter 3 
ALOS PALSAR data processing 
This chapter describe the essential data processing procedure to derive the data of 
deformation induced by the Wenchuan earthquake from ALOS PALSAR interferometric 
image pairs and other data sources such as Digital Elevation Model (DEM) data.  
3.1 ALOS PALSAR system 
Radar operates in the microwave portion of electromagnetic spectrum and conventionally 
categorized to different bands based on the frequency/wavelength, as shown in Table 2.1. For 
remote sensing purposes, radar sensor is carried either by airplane (airborne) or by satellite 
(spaceborne).  
The Phased Array type L-band Synthetic Aperture Radar (PALSAR) onboard of Advanced 
Land Observing Satellite (ALOS) has a center frequency of 1270 MHz or 23.6 cm wavelength 
to achieve all weather and day-and-night land observation. The L-band SAR data has lower 
sensitivity for vegetation (Ernst et al., 2008) and therefore can obtain information from 
surface of a highly vegetated area. Based on this advantage, the DInSAR is suitable for 
monitoring ground deformation in tropical region. Also, it is a fully polarimetric instrument, 
which allows PALSAR to switch from horizontal (H) to vertical (V) polarization and vice 
versa at respective transmission pulse, enabling four polarization modes by double 
simultaneous polarization (HH, HV, VH, VV). Here, HH means the signals are transmitted 
and received in horizontal direction whereas HV means the signals are transmitted in 
horizontal direction and received in vertical direction. PALSAR can also simultaneously 
receive horizontal and vertical polarization for each polarized transmission, which is called 
multi polarimetry. The development of the PALSAR is a joint project between JAXA and the 
Japan Resources Observation System Organization (JAROS). 
The PALSAR antenna dimension is 3.1 8.9 m that contains 80 transmission and receptions 
modules on four segments. The off-nadir angle is variable between 9.9° and 50.8° at mid-
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swath, and therefore the incidence angle can vary in a range between 7.9°~60°. This system is 
an enhanced version of previous JERS-1 (Japanese Earth Resources Satellite-1) SAR system 
that operated in 1992 to 1998.  
PALSAR has following observation modes: 
1. High resolution mode 
The high resolution mode is the most commonly used under regular operation. 
It has two different types, Fine Beam Single (FBS) polarization and Fine Beam 
Dual (FBD) polarization that cover area about 70km swath width. The 
maximum ground resolution of FBS is 10 10m, whereas 20 20m for FBD. 
2. ScanSAR mode 
The instrument scans wide swaths of 250 to 350 km, depending on the number 
of scans, by changing the viewing angle. The swaths are three to five times 
wider than that of any conventional SAR system but with lower resolution of 
approximately 100 100m. 
3. Direct downlink 
The direct downlink mode, which is known as the direct transmission (DT) 
mode, is operated to accommodate real time data transmission of single 
polarization. It is similar to the high resolution single polarization mode (FBS) 
but has lower ground resolution of about 20 10m. 
4. Polarimetric mode 
The polarimetric observation mode enables PALSAR to simultaneously receive 
horizontal and vertical polarization for each transmission. It also enables to 
switch from horizontal to vertical at respective transmission pulse that provides 
full Quad-Pol (HH/HV/VH/VV) scattering matrix with 12 alternative off-nadir 
angles between 9.7° and 26.2°. It has 30 10m ground resolution for 30km 
swath width. 
The characteristics of ALOS PALSAR are illustrated in Figure 3.1 and summarized in 
Table 3.1. 
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Figure 3.1 The PALSAR observation modes (Copyright©1997- JAXA EORC All 
rights reserved). 
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 Observation Mode 
Fine Resolution 
ScanSAR Polarimetric 
Direct 
Downlink Single 
Beam 
Double 
Beam 
Center 
Frequency 
1270 MHz (L-band) 
Chrip 
Bandwidth 
28 MHz 14 MHz 14MHz, 
28MHz 
14 MHz 14 MHz 
Polarization HH or VV HH/HV or 
VV/VH 
HH or VV HH/HV/VH/VV HH or VV 
Incidence 
angle 
8°~60° 8°~60° 18°~36° 
18°~40° 
18°~43° 
8°~30° 8°~60° 
Range 
Resolution 
10m* 20m* 100m* 
(multi-
look) 
30m* 20m* 
Azimuth 
Resolution 
10m 20m 100m 
(multi-
look) 
10m 10m 
Observation 
Swath 
70km* 70km* 250km 
300km 
350km 
30km* 70km* 
Bit Length 5 bits 5 bits 5 bits 3 or 5 bits 5 bits 
Data Rate 240Mbps 240Mbps 120Mbps, 
240Mbps 
240Mbps 120Mbps 
Radiometric 
accuracy 
Scene: 1dB/ orbit: 1.5 dB 
 
Table 3.1 
Summary of ALOS PALSAR characteristics (Modified from Rosenqvist et al., 2007 
and EORC, 2008) 
* For 34.3° Off-nadir (Fine Resolution, ScanSAR, Direct Downlink) and 21.5° for 
Polarimetric Mode. 
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3.2 ASTER GDEM 
As introduced in Chapter 2, DInSAR is a tool for ground displacement measurement, not 
for the elevation height measurement. In order to extract surface displacement field, 
topographic effect must be removed from an interferogram and the ASTER (Advanced 
Spaceborne Thermal Emission and Reflection Radiometer) GDEM (Global Digital Elevation 
Model) with 30 meters elevation resolution has been used for this purpose.  
The ASTER GDEM is a joint product developed and made available to the public by the 
Ministry of Economy, Trade, and Industry (METI) of Japan and the United States National 
Aeronautics and Space Administration (NASA). It is generated from stereo imagery data 
collected by the ASTER, a spaceborne earth observing optical instrument. 
The ASTER GDEM covers land surfaces between 83
°
N and 83
°
S. It is the only free DEM 
that covers the entire land surface of the Earth at 30m resolution. The previous most 
comprehensive DEM, NASA's Shuttle Radar Topography Mission (SRTM), covers 
approximately 80% of the Earth's surface, with a global resolution of 90m, and 30m over the 
USA. The instrument of the ASTER was built by METI and launched by NASA’s onboard of 
the Terra-1 earth observation satellite in December 1999. It has along-track stereoscopic 
capability using its nadir-viewing and backward-viewing telescopes in near infrared spectral 
band to acquire stereo imagery data with a baseline/height ratio of 0.6. The spatial resolution 
is 15 m in the horizontal plane. One nadir-looking ASTER VNIR scene consists of 4,100 
samples by 4,200 lines, corresponding to about 60 km × 60 km ground area. 
The methodology used to produce the ASTER GDEM involved automated processing of 
the entire 1.5-million-scene ASTER archive, including stereo-correlation to produce 
1,264,118 individual scene-based ASTER DEMs, cloud masking to remove cloud pixels, 
stacking all cloud-screened DEMs, removing residual bad values and outliers, averaging 
selected data to create final pixel values, and then correcting residual anomalies before 
partitioning the data into 1
°
×1
°
 tiles. Table 3.2 summarized the characteristics of the ASTER 
GDEM. The details of the assessment of the ASTER GDEM have been reported in the 
ASTER GDEM validation summary report and Li et al., 2012. Figure 3.2 shows the 
Longmenshan fault zone of the ASTER GDEM. 
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Figure 3.2 The Longmenshan fault zone of the ASTER GDEM. Red lines represent 
interpreted faults of the Longmenshan fault system (Burchfiel et al. 2008; Chen and 
Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009), the longer red line is the 
YBF, and the shorter line is the PF. 
≈4800 m 
≈300 m 
Item Description 
Tile size 3601 3601 pixels (1° 1°) 
Posting interval 1 arc-second (about 30m) 
Geographic coordinates Geographic latitude and longitude 
Output format GeoTIFF, signed 16 bits 
DN values -9999 for void pixels and 0 for sea water 
body 
Coverage 83
°
N to 83
°
S, 22,600 tiles 
Estimated overall accuracy ~20m at 95% confidence interval 
 
Table 3.2 
Characteristics of ASTER GDEM 
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3.3 DInSAR processing 
The DInSAR processing software used in this research is free open sources software 
developed by Jet Propulsion Laboratory (Caltech/JPL), so called Repeat Orbit Interferometry 
PACkage (ROI_PAC). Figure 3.3 shows the processing flow. The process should start with 
the raw data (Level 1.0 dataset) as input. 
To form an interferogram, two SAR images are required. After the image focusing process 
to produce Single Look Complex images (SLCs), the two SAR images must be co-registered, 
using a correlation procedure to find the offset and difference in geometry between the two 
amplitude images. One of the SAR images (so called slave image) is then re-sampled to 
match the geometry of the other (so called master image), meaning each pixel represents the 
same ground area in both images. The raw interferogram is then formed by cross-
multiplication of each complex pixel in the two images. In this case, the raw interferogram 
still contains all phase components including those resulted from orbit, geometry, topography, 
deformation, etc.  
Next, ROI_PAC does an initial flattening of the interferogram by removing the expected 
phase of the Earth curvature for the InSAR orbit geometry. It first creates a fake DEM with a 
constant elevation at reference height, and then uses the baseline and orbit data to simulate the 
contribution of the reference height (Fake DEM) to the interferogram phases and finally the 
complex conjugate is applied between the raw interferogram and the interferogram of the 
reference height phases. As the result, the interferometric phase due to the reference ellipsoid 
(earth curvature) is removed, a process referred to as Earth flattening.  
For derivation of differential interferogram that is directly relevant to deformation, a DEM 
is used in conjunction with the baseline data to simulate the contribution of the topography to 
the interferometric phase and then the complex conjugate is applied again between the two 
interferometric phases (one is produced from Earth flattening, the other is DEM simulated), so 
the topography is removed from the interferogram (The process is similar to the process of 
Earth flattening), so called differential interferogram (Massonnet, et al., 1998). 
Once the differential interferogram is produced, it is commonly filtered to amplify the phase 
signal. For most quantitative applications the fringes in 2π modulo present in the 
interferogram need to be unwrapped to reveal the actual magnitude of surface displacement, 
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which involves interpolating over the 0 to 2π phase cycles to produce a continuous 
deformation field, so called displacement map. 
The final processing stage is geocoding the image, which involves resampling the 
displacement map from the acquisition geometry into the desired geographic projection. In the 
case of ROI_PAC, the geographic projection is the same as DEM’s projection, Datum 
WGS84, UTM. 
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Figure 3.3 ROI_PAC DInSAR processing flowchart. 
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3.4 DInSAR data assessment 
The Wenchuan earthquake and hundreds aftershocks were widely spread along the 
Longmenshan fault zone, therefore, a total of six paths of ALOS PALSAR data (Path 471–
Path 476) covering the entire Longmenshan thrust belt were processed using the ROI_PAC 
software, the Path information of the ALOS PALSAR is in Table 3.3.  
Figure 3.4 and 3.5 shows the differential interferogram and the unwrapped DInSAR data 
from Path 471 to Path 476 respectively. As the Figure 3.4 shows, the Longmenshan fault zone 
can be seen by surrounding fringes. Each fringe (each duty cycle from red to blue) indicated a 
half wavelength displacement (approximately 11.8cm in L-band) in the slant range direction.  
The fringes become denser towards the fault zone with rapidly increased deformation and 
hence the fringe patterns become chaotic and indiscernible along the near vicinity of 
Longmenshan fault zone, as shown in the Figure 3.4, especially in the area between the YBF 
and the PF; the width in this area is between ~10 to ~20 km. This indicates that the correlation 
of the interferometric phase between the pre- and post-earthquake SAR images is completely 
lost because the large movement had led to intensive destruction on the land surface resulting 
in random changes of the surface scatterers beyond the wavelength scale. Thus unwrapping 
the differential interferogram in the central part of the fault zone is impossible resulting in 
large decoherence gaps in the displacement map, as shown in Figure 3.5.  
Figure 3.5 shows the LOS (Line-Of-Sight or slant range) displacement map of the 
Wenchuan earthquake. Based on the measurement from the map, the ground surface displaced 
approximately 1m away from and towards the satellite respectively. The mapped fault lines 
(Burchfiel et al. 2008; Chen and Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009) 
align very well with the edge of the decoherence zone. As shown in the Figure 3.5, on the 
south side of the faults, the footwall, the LOS displacement is measurable all the way to the 
fault trace and the LOS decrease was observed along the PF. On the vicinity area of the 
northern side of the faults, the hanging wall, the deformation data is mostly lost and a few 
patches of LOS decrease can be observed. On the whole, the LOS displacement 
predominantly decreased on the southern side of the Longmenshan faults and increased on its 
northern side.  
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Furthermore, the far field fringe patterns at south of the Longmenshan fault in Path 471, 
472, 475 and 476 could be serious contaminated by ionosphere disturbances based on 
considering their distance from the fault and the loss of connection between neighbouring 
paths, as shown in Figure 3.4 and 3.5. This phenomenon is probably due to tropospheric water 
vapour (Sandwell et al., 2008) and the ionosphere error might be about 16.5 times as large as 
for the C-band data according to the frequency difference between the L-band and C-band 
(Sandwell et al., 2008 and Shen et al., 2009). Although the ionosphere effects may influence 
the data qualities, the significant deformation induced chaotic and/or dense fringe patterns 
within and near vicinity of the Longmenshan fault zone indicated the much larger deformation 
magnitude than the ionosphere effects. Therefore, the far field signals of the DInSAR data are 
not considered and used in this research.  
Unfortunately, the DInSAR measurement of the coseismic deformation is only outside the 
central part of the fault system (YBF and PF) where the deformation is the most intensive. 
Due to the lack of the surface deformation data within the decoherence zone, the LOS 
displacement map is incomplete to fully characterise the coseismic deformation of Wenchuan 
earthquake along the Longmenshan fault system. Retrieval the missing deformation data in 
the decoherence zone is one of the major research agendas of this project as presented in later 
chapters. 
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Table 3.3 
The Path information of the ALOS PALSAR of the 2008 Wenchuan earthquake. 
Path Acquisition Days 
before/after 
event 
Perpendicular 
baseline 
(  m) 
Temporal 
baseline 
(days) 
471 2008/02/29 73 ≈ 70 92 
2008/05/31 19 
472 2007/01/28 470 ≈ 160 506 
2008/06/17 36 
473 2008/02/17 85 ≈ 343 92 
2008/05/19 7 
474 2008/03/05 68 ≈ 190 92 
2008/06/05 24 
475 2007/06/20 143 ≈ 53 184 
2008/06/22 41 
476 2008/04/08 34 ≈ -300 46 
2008/05/24 12 
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Figure 3.4 ALOS PALSAR differential interferogram of Wenchuan earthquake region. The red lines represent the interpreted faults 
of the Longmenshan fault zone (Burchfiel et al. 2008; Chen and Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009), the 
longer red line is the YBF and the shorter line (to the south-east) is the PF. 
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Figure 3.5 ALOS PALSAR unwrapped interferogram of Wenchuan earthquake region. The red lines represent the interpreted 
faults of the Longmenshan fault zone (Burchfiel et al. 2008; Chen and Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009), 
the longer red line is the YBF and the shorter line (to the south-east) is the PF. 
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3.5 Derivation of coseismic surface horizontal motion data of 
the Wenchuan earthquake 
DInSAR is an effective technique to measures the surface displacement caused by strong 
earthquakes. However, in the area subject to the most significant deformation along the 
Longmenshan fault zone, the coherence between pre- and after- earthquake SAR images is 
completely lost because of the earthquake induced violent and chaotic destruction on the land 
surface and consequently, no surface displacement data can be measured, as mentioned in 
previous section. The alternative method to measure the coseismic displacement is sub-pixel 
offset technique, as briefly reviewed in Chapter 2.3. The horizontal displacement maps were 
generated using the Phase Correlation based Image Analysis System (PCIAS), which is 
developed by our research group (Liu and Yan, 2006; Liu and Yan, 2008; Morgan et al., 
2010). 
Phase correlation (PC) is based on the well-known Fourier shift property that a shift in the 
spatial domain between two resemble images results in a linear phase difference in the 
frequency domain of their Fourier Transforms (FT). Suppose given two 2D functions that 
represent two images with offset by translational shifts a and b 
 (   )   (       )                                                                                   (3.1) 
The corresponding Fourier Transforms can be denoted as 
 (   )   (   )    (  (     ))                                                                (3.2) 
The phase correlation is defined as the normalized cross power spectrum between G and H, 
which is a matrix Q: 
 (   )  
 (   ) (   ) 
| (   ) (   ) |
     (  (     ))                                                   (3.3) 
where Q is a complex matrix of the phase shift components resulting from the image 
translation a and b, thus it is independent of illumination differences between the image 
functions. PCIAS uses 2D fitting method (Liu and Yan, 2006 and 2008), which takes the 
phase angle in (3.3) as a 2D plane in Cartesian coordinates of u and v,  
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                                                                                                                (3.4) 
Therefore, a and b can be estimated by finding the best 2D fitting of the phase shift angles in 
Q to the plane defined by c in (3.4). The phase shift angles are 2 wrapped in two-dimensions 
and must be unwrapped consecutively in the direction of u and v (Liu and Yan, 2008; Balci 
and Foroosh, 2005a). Similar to the InSAR technique, noisy data makes the unwrapping 
difficult. Thus, a phase fringe filter (Wang et al., 2001) is employed prior to unwrapping to 
reduce noise and then a robust fitting technique, Quick Maximum Density Power Estimator 
(QMDPE), is applied to the unwrapped data in order to accurately estimate a and b (Liu and 
Yan, 2008). With this method, the translation shifts a and b can be retrieved from the phase 
correlation matrix Q directly in the frequency domain at decimal precision of number of 
pixels. As the magnitude of Q(u,v) is normalized to 1, the only variable in (3.3) is the phase 
shift defined by ua+vb where a and b are the horizontal and vertical magnitudes of the image 
shift between g(x,y) and h(x,y). Thus, by solving a and b based on Q, the non-integer 
translation estimation at sub-pixel accuracy can be achieved in frequency domain without 
inversed Fourier Transform (IFT) operations. 
Figure 3.6 illustrate the process of this technique with an example (Liu and Yan, 2006). An 
image pair of Landsat-7 ETM+ scene is shown in Figure 3.6(a) and (b) respectively. To 
demonstrate the robustness of the technique, two different spectral bands, band 1 (blue) and 
band 5 (short wave infrared) were used. The correlation between the two images is only 0.69. 
One of the images is shifted horizontally by a=13.33 pixels to the left and vertically by 
b=10.00 pixels up in relation to the other. The FT was applied to both images individually 
and then the cross power spectrum of the Fourier transforms of the two images was calculated 
to produce the PC matrix Q that is wrapped in 2π modulo, as shown in Figure 3.6(c). The 
phase fringe filter (Wang et al., 2001) with filter size 1515 pixels was applied, which 
improved the phase correlation data significantly as illustrated in Figure 3.6(d) and ensures a 
successful 2D unwrapping (Balci and Foroosh, 2005b) shown in Figure 3.6(f). The data of 
unwrapped phase correlation matrix Q should formulate a plane though the noise could 
degrade the plane to a rugged surface. The slope of the unwrapped plane of Q to axes u and v 
is the shifts a and b which can be determined by the QMDPE robust 2D fitting. For this 
example the phase correlation measured shifts are: a=13.206; b=9.982. 
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The technique can also be used to estimate the rotation and scale variation between two 
similar images via coordinate transformation. For image rotation, consider image    is a 
replica of image    with rotation   , then they are related by:  
  (   )    (                            )                                     (3.5) 
The Fourier rotation property shows that the Fourier Transforms between    and    are 
related by: 
  (   )    (                            )                                           (3.6) 
If the frequency domain is presented in polar co-ordinates, then the rotation will be a shift 
on the axis corresponding to the angle. Using a polar co-ordinates system, we then have 
  (   )    (      )                                                                                     (3.7) 
The rotation can thus be estimated as a phase shift in the frequency domain by phase 
correlation (Reddy and Chatterji, 1996).  
For scale change, suppose image    is a replica of    scaled by (a,b), then they are related 
by  
  (   )    (     )                                                                                          (3.8) 
The Fourier scale property shows the transforms are related by 
  (   )  
 
|  |
  (
 
 
 
 
 
)                                                                                       (3.9) 
Ignoring the multiplicative factor and taking logarithms 
  (         )    (                   )                                              (3.10) 
Therefore, a change in scale can be determined based on a phase shift in the frequency 
domain presented in logarithmic coordinates by phase correlation (Reddy and Chatterji, 1996). 
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Figure 3.6 Landsat-7 ETM+ image band 1 (a) and band 5 (b) with inter band correlation of 
0.69. Image (b) was artificially shifted to the left by 13.3333 pixels and up by 10 pixels. (c) 
The phase correlation matrix Q. (d) The smoothed phase correlation matrix Q (filer size 
15×15). (e) 3D view of the central part of the filtered phase correlation matrix Q. (f) 3D view 
of the unwrapped phase correlation matrix. (Liu and Yan, 2006). 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Equipped with robust 2D fitting phase correlation algorithm, the PCIAS employs a window 
scanning mechanism to estimate pixel-offset (disparity) at sub-pixel accuracy through the 
following steps as illustrated in the flow chart Figure 3.7. 
 Given two SAR amplitude images for pixel-offset estimation, one is the Reference 
(Master image, before the earthquake) and the other is Input (Slave image, after the 
earthquake). In general, these two images are already frame registered during the 
InSAR processing. If these two images are not frame registered, phase correlation 
algorithm can be applied to orientate the Input image to the Reference image by 
simple shift, rotation and minor scale change. 
 The robust 2D fitting phase correlation algorithm is applied, with a desired 
calculation window (for instance, 32×32 or 64×64 pixel size), to scan through the 
image pair, pixel by pixel, to estimate the disparity (pixel-offset) at the window’s 
central pixel. Thus the relative column (azimuth direction) and line (ground range 
direction) shifts (        ,              ) between any a pair of correspondent 
pixels in the Master and the Slave images are determined.  
 Consequently, by combining the column and line pixel-offset maps (        , 
             ), the optical flow (motion vector field) of local feature shift in column 
and line directions is produced. 
The cross-event PALSAR amplitude images covering the entire Longmenshan fault zone 
were then processed using the PCIAS, as described above, to measure pixel-wise horizontal 
displacement in the ground range and azimuth directions which is the pixel-offset field 
induced by the earthquake. The PCIAS can measure the pixel-offsets from the cross-event 
SAR amplitude image pair as small as 1/50
th
 pixel. The PC scanning for pixel-wise offset 
estimation was proceeded with a 32×32 pixel window size. Although the random speckles of 
radar amplitude images and ionosphere effects to the L-band SAR affected the data quality, 
the PCIAS is effective to measure the coseismic pixel-offsets in the ground range and azimuth 
directions along the Longmenshan fault system. As shown in Figure 3.8, the earthquake 
rupture corresponding to the NE-SW trending YBF can be clearly traced on the ground range 
offset map. It can be seen that eastward motion dominant, an observation which is in 
agreement with (Burchfiel et al., 2008; Hubbard and Shaw, 2009). In the azimuth pixel-offset 
map Figure 3.9, however, some regions are severely contaminated by broad patches of 
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striping in NW directions. The most likely cause is the ionosphere, whose effect is to bend the 
SAR scan lines resulting in pixel-offsets which are biased in one direction, or the other. 
Nevertheless the major rupture zone is still recognizable. 
Although the sub-pixel offset data are insensitive to smaller displacements in comparison 
with the DInSAR data, based on the horizontal vector fields, it is an effective dataset to 
constrain the faulting type in the fault modelling in the latter chapter.  
 
 
Figure 3.7 Basic scheme of PCIAS. 
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Figure 3.8 Sub-pixel offset map in ground range direction. Red arrows indicate the traced YBF, an obvious kink north to Hanwang 
at the same position as that in the widely accepted interpretation of Longmenshan fault zone (Figure 1.1); blue arrows indicate the 
traced XF. The red star denotes the epicentre of the main shock of the Wenchuan earthquake. Black solid circles are towns.  
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Figure 3.9 Sub-pixel offset map in azimuth direction. Red arrows indicate the traced YBF; black arrows indicate the traced PF. The 
red star denotes the epicentre of the main shock of the Wenchuan earthquake. Black solid circles are towns. 
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Chapter 4 
Development of Adaptive Local Kriging 
technique for DInSAR data refinement 
As shown in Figure 3.5, no surface displacement data can be measured from differential 
interferograms in the central part of the Longmenshan fault zone. Retrieval of this missing 
information in the decoherence belt is of crucial importance in establishing the deformation 
model of the Wenchuan earthquake and for improving the understanding of large-scale 
faulting mechanisms and displacement magnitudes caused by earthquakes. This chapter 
describes the development of an advanced data interpolation method, the Adaptive Local 
Kriging (ALK), and presents the approach and the results of the retrieval of this badly needed 
information from DInSAR data. In descriptive simplicity, the term ‘interferogram’ in this 
chapter and later chapters means ‘differential interferogram’. 
4.1 The Concept of Ordinary Kriging 
For many earth science studies, the data available are often incomplete and therefore 
interpolation is required. For instance, from sparse point data of geochemical measurements at 
different locations to generate a geochemical map, a geostatistical analyst can use these point 
data to predict values for the nearby non-data locations based on a likely data landscape 
model and thus produce a continuous surface. Geostatistics relies on statistical and 
mathematical methods, which can be used to create surfaces and assess the uncertainty of the 
predictions.  
Kriging is one of such geostatistical modelling methods for data interpolation from points to 
surface and assumes that locations are closer in distance assume to be closer in value than 
locations farther apart. It predicts unknown values from data observed at known (sampled) 
locations based on a semivariogram model which expresses the spatial variation in the data. 
The interpolation is made by minimizing the 'deviation' in the predicted values (i.e. variance 
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about the mean) which are estimated from known values weighted by their spatial distribution 
(Wang, 1990; Johnston et al, 2003; Gudmundsson et al., 2002). 
Ordinary Kriging relies on the spatial correlation structure of the data to determine the 
weighting values. This is a more rigorous approach to surface modelling, as correlation 
between data points determines the estimated value at a non-data point.  
The concept of Ordinary Kriging is as below,   
 ( )     ( )                                                                                                  (4.1) 
where s=(x, y) is a location that can be either a sample location or a prediction location.  ( ) 
is the value at that location. The model is based on a constant mean   for the data and the 
random errors  ( ) with the spatial dependence. Assume that  ( ) is intrinsically stationary, 
the predictor is formed as a weighted sum of the data,  
 ̂(  )  ∑    (  )
 
                                                                                              (4.2) 
where  (  ) is the measured value at the ith location.    is an unknown Kriging weight for 
the measured value at the ith location, which is decided by an empirical semivariogram, the 
distance to the prediction location, and the spatial relationship among the measured values 
around the prediction location   . 
The predicted values might be higher or lower than the actual values for the locations where 
data already exist. Ideally, the difference between the predictions and the actual values should 
be zero. This is referred to as making the prediction unbiased. Therefore, to ensure the 
predictor is unbiased for the unknown measurement, the sum of the Kriging weight must be 
equal to one. This constraint makes sure the difference between the true value and the 
predictor is as small as possible. The solution under the constraint minimizing the bias is the 
Kriging equation,  
                                                                                                                  (4.3) 
or 
(
        
 
   
 
 
 
   
 
 
    
)  (
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)                                                            (4.4) 
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the gamma matrix   contains the modelled semivariogram values between all pairs of sample 
locations, where     is the modelled semivariogram values based on the distance between the 
two samples identified at the ith and jth locations. The 1s and 0 in the gamma matrix   arise 
due to unbiasedness constraint (Johnston et al, 2003). The vector   contains the modelled 
semivariogram values between each measured location and the prediction location, where     
is the modelled semivariogram values based on the distance between the ith sample location 
and the prediction location. The unknown vector   can then be resolved. In the vector  , m is 
a number corresponding to the bottom row and the rightmost column of matrix  . Thus, the 
values at the prediction location can be calculated by (4.2). 
However, to compute the values for the matrix  , the empirical semivariogram needs to be 
firstly created, which is the relationship between the distance (Euclidean distance between 
each pairs of locations),  
    √(     )  (     )                                                                           (4.5) 
and the squared difference between each pairs of locations (semivariance),  
                 ( (  )   (   ))
                                                           (4.6) 
In reality, datasets are often large and the number of pairs of locations can easily become 
too large to be manageable (e.g. out of the size of computer RAM). Therefore, group (binning) 
the pairs of locations is necessary. For instance, given a certain range of distance (e.g. for 
those pairs within the [1, 2) meters), the semivariance can be recalculated as, 
                               [( (  )   (   ))
 ]                           (4.7) 
Hence, the binned empirical semivariogram can be plotted with the averaged semivariance 
on the y-axis versus the averaged distance on the x-axis, as illustrated in Figure 4.2(a) (the 
detailed description of Figure 4.2(a) will be discussed in the next section). Next, an 
appropriate model (linear, Gaussian or spherical, etc.) need to be applied to fit the binned 
empirical semivariogram in order to make the prediction unbiased.  
The formulae to determine the semivariogram values in the empirical semivariogram for the 
matrix   at any given distance (Johnston et al, 2003) are,  
                                                                                                    (4.8) 
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               [     (  (
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)
 
)] for all d                                        (4.9) 
Formula (4.8) is the linear semivariogram model; here slope is the gradient of the fitted model, 
d is the Euclidean distance between the pairs of locations. Formula (4.9) presents the 
Gaussian semivariogram model in the Ordinary Kriging method, where    is the sill and    is 
the range. The range in the Gaussian model (4.9) or other nonlinear models (spherical etc.) is 
the distance where the model starts to flatten out, as marked by a black vertical dashed line in 
Figure 4.2(a). Sample locations separated by distances closer than the range are spatially 
autocorrelated, whereas locations farther apart than the range are not. The value that the 
binned semivariogram attains at the range is the sill which is the value on the y-axis 
corresponding to position of range. 
Once the model has been fitted to the binned empirical semivariogram and the 
semivariogram values have been calculated, the matrix   and the vector   are known. Thus 
vector λ can be derived by solving (4.3) as below 
                                                                                                              (4.10) 
where     is the inverse matrix of  .  
With the Kriging weight   is solved, the values at the prediction locations can be estimated 
using (4.2). 
In summary, the Ordinary Kriging process includes the following steps: 
Empirical semivariogram calculation: 
The assumption is that things that are close to one another are more alike than those 
farther away (spatial autocorrelation). The empirical semivariogram is a mean to 
explore this relationship. A pair of observed phenomena that are close in distance 
should have a smaller measurement difference than those farther away from each 
another. 
Fit a model: 
Define a semivariogram model (linear, Gaussian or spherical, etc.) that best fit the data 
points in the binned empirical semivariogram. For instance, find a linear function via 
the least square fitting. Such a model is considered quantifying the spatial 
autocorrelation in the empirical semivariogram.  
Chapter 4   Development of Adaptive Local Kriging technique for DInSAR data refinement 
71 
 
Solving the Kriging equation: 
The equation of Ordinary Kriging is composed of and Kriging weighting vector λ. 
Empirical values of matrix  , vector   can be calculated from the spatial 
autocorrelation among the measure sample locations and prediction location, i.e. the 
autocorrelation values calculated using the empirical semivariogram model. Thus the 
Kriging weights, vector λ, is determined.  
Prediction: 
Once the Kriging weights have been found, the unknown value at a prediction location 
can be calculated by summation of the values of the sample points multiplied by the 
corresponding Kriging weights using equation (4.2).  
4.2 Principle of Adaptive Local Kriging (ALK) 
Base on the principle described above and in consideration that deformation trend across 
the seismic fault zone should intensify in opposite direction according to basic faulting 
mechanism, we divided the geocoded DInSAR unwrapped interferogram image into two parts 
along the interpreted YBF line as shown in Figure 4.1 (Burchfiel et al., 2008; Chen and 
Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009), and proceeded with Ordinary 
Kriging on either side of the fault independently. However the conventional Ordinary Kriging 
based on a global semivariograms model (e.g. Gaussian, Spherical and Exponential) derived 
from the interferograms partitioned at the fault line cannot be representative to the strong 
directional trends of increasing gradients towards the seismic fault. As illustrated in Figure 
4.2(a), the hanging wall side of the YBF in the unwrapped interferogram in Path 473 (Figure 
4.1) was processed to derive the binned semivariogram using ArcGIS in which, the scattered 
red dots represent the directionally binned semivariances in different distances and the blue 
solid line is the Gaussian semivariogram model fitting these red dots: a standard approach of 
Ordinary Kriging (Johnston et al., 2003). In the near range from zero distance the binned 
semivariances of small magnitude are close to each other but with the increase of distance the 
values of binned semivariances become more and more spread and eventually split to two 
trends beyond the distance denoted by the dashed black vertical line (the range). The bi-trend 
binned semivariances (the red dots outside the range) are fitted with the flatten part of an 
accumulative Gaussian distribution function where it reaches its sill. With such a function, the 
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Ordinary Kriging interpolation is performed largely based on the semivariogram function 
within the range (denoted by the black dashed vertical line in Figure 4.2(a)) while the far 
range data are used with a constant weighting (sill). However, as illustrated in Figure 4.2(b), 
the near range slope of local semivariogram increases significantly and thus increased height 
of the sill from far field towards the fault zone as indicated by the slope changes of the binned 
semivariogram of the locations marked by red, blue and green spots on the hanging wall side 
of the YBF in Path 473. Therefore, the global semivariogram model with a constant sill 
cannot represent the true variation trend of the interferogram. 
The global semivariogram model is only partially representative to the true data distribution. 
Based on Figure 4.2(a) and (b) and considering that the interferograms of the earthquake 
region are very large datasets with complex spatial variation in multiple spatial trends, we 
have modified the Ordinary Kriging method; instead of using a global semivariogram model, 
an adaptive moving window mechanism is introduced to derive local semivariograms within 
the window area at each pixel position. We call this approach Adaptive Local Kriging (ALK). 
The concept of ALK (Wu et al., 2012a) is illustrated in Figure 4.1. The ALK scanning 
window size is dynamically auto-adjusted to ensure sufficient high quality data points 
(reference points) for interpolation. Instead of using all the pixels, reference points uniformly 
distributed in the unwrapped interferogram image were selected as the working dataset. This 
treatment is equivalent to averaging that enhances the local trend and improves processing 
efficiency as well. During the process of counting adequate reference points within the 
scanning window, the window shape can be modified to reflect the direction of the 
deformation trend. Figure 4.2(b) and (c) illustrate three different sets of averaged 
semivariances and the corresponding local linear semivariogram models from distal to 
proximal positions with respect to the fault zone in the unwrapped interferogram data from 
hanging and footwalls respectively. The local linear models fits well with the distributions of 
the averaged semivariances and correctly indicate the increasing deformation gradients 
toward the seismic fault zone. 
The gradient representing the local semivariogram linear trend in each window area is then 
used as a distance weighting function for all the reference points within that window in a least 
squares solution of the Ordinary Kriging interpolation value at the central pixel position. This 
process is repeated at every pixel position until the entire unwrapped interferogram is 
interpolated. Such an approach has several merits: i) the linear model derived from the 
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window based local semivariogram emphasizes the local spatial variations in the unwrapped 
interferogram and thus the ALK is locally more accurate; ii) the local linear models derived 
from the moving window procedure are a piecewise representation of a complex non-linear 
deformation trend for the entire unwrapped interferogram and therefore the result is also more 
representative globally. 
 
 
Hanging wall 
Footwall 
Path 471 Path 472 
Path 473 
Path 474 
Path 475 
Path 476 
Figure 4.1 Unwrapped interferogram and the concept of ALK. Black boxes with arrows 
inside represent the adaptive moving window of ALK. The purple arrows indicate the 
processing direction of the ALK scanning.  
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Figure 4.2 (a) The binned semivariogram of the hanging wall side of the YBF of the 
unwrapped interferogram in Path 473 in Figure 4.1. The scattered red dots represent the 
directionally binned semivariances in different distances; the blue solid line is the 
Gaussian semivariogram model fitting these red dots; the black vertical dashed line 
marks the effective range of the semivariogram (an accumulative Gaussian distribution 
function) for Ordinary Kriging (Johnston et al., 2003). (b) & (c) Local semivariograms 
at the locations marked with red, blue and green spots (from distal to proximal with 
respect to the fault zone) for the hanging wall (b) and footwall (c) sides of the fault in 
Figure 4.1. In corresponding colours, the dotted lines represent local averaged 
semivariances of the data at the marked locations and the solid lines are the local linear 
semivariograms derived by least squares fitting. 
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4.3 ALK multi-step processing procedure 
In large decoherence gaps in the unwrapped interferogram, there are insufficient data points 
within even a very large moving window and consequently the uncertainty of the predicted 
value increases drastically. To deal with this problem, a two-step pre-ALK processing 
procedure has been introduced as shown in the box in Figure 4.3. Firstly, after manually 
separating the hanging wall and footwall, the data in decoherence areas were interpolated by 
Ordinary Kriging using a global semivariogram model derived from all the data in the original 
unwrapped interferogram. Secondly, the original unwrapped interferogram was modified by 
replacing randomly selected sample points in the decoherence gaps with values from the 
Ordinary Kriging interpolated data, as shown in Figure 4.4(a). The ALK is then applied to the 
two parts (hanging wall and footwall) of the amended unwrapped interferogram separately to 
complete the interpolation in the decoherence gaps with more local variations. Thus the initial 
ALK interpolated data are generated.  
The ALK was applied to the geocoded unwrapped interferograms on the hanging wall and 
footwall separately. Therefore, simply merging the two parts of interpolated data would result 
in a single ALK interpolation image with an artificial discontinuity along the subjectively 
defined fault line, as shown in Figure 4.4(b) and (c), where the fringe patterns are 
discontinuous across the initially interpreted fault line. To produce the final interpolation 
result without the artificial discontinuity, again the reference points need to be randomly 
selected from the merged ALK data in the decoherence zone (on both sides of the fault), in 
the same manner as during the Ordinary Kriging procedure. The selected ALK data points in 
the decoherence zone are then combined with the adjacent ALK data on both sides of the fault 
zone, as shown in Figure 4.4(d), and finally the ALK is performed again in the decoherence 
zone using a rectangular scanning window which is large enough to include sufficient data 
points on either hanging wall or footwall or both. The artificial fault line is thus removed and 
the fringe patterns are continuous through the fault zone, as shown in Figure 4.4(e). Although 
only the data in the decoherence zone and vicinity area of the fault zone (Figure 4.4(d)) were 
re-processed to remove the discontinuity of the fault line, the reference points around the 
margin in the Figure 4.4(d) are consistent with the initial ALK data and thus the local 
deformation gradient remain the same. This ensures a smooth combination between the re-
processed data of the fault zone and the initial ALK data outside the fault zone without 
discernible discontinuity, as shown in Figure 4.4(f). A final interpolation image is then 
Chapter 4   Development of Adaptive Local Kriging technique for DInSAR data refinement 
76 
 
produced which matches well with the unwrapped interferogram. This final product of the 
whole ALK interpolation procedure shows the deformation trend across the seismic fault zone 
without artificial discontinuity and with gradients in opposing directions away from the fault. 
In fact, the independent operation of the ALK for hanging wall and footwall datasets ensures 
the retrieval of the correct deformation trend on opposing sides of the fault line while the final 
ALK, using the merged data in the decoherence zone, makes the initially interpreted fault line 
nearly irrelevant in the final data retrieval step. This multi-step processing is summarized in 
the flow chart in Figure 4.3. 
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Figure 4.3 ALK multi-step processing flow chart. Processes in the gray box indicate the 
two steps pre-processing for both the hanging wall and footwall unwrapped 
interferograms. 
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Figure 4.4 (a) The hanging wall side of original unwrapped interferogram in Path 473 
with additional randomly selected sample points from the Ordinary Kriging 
interpolated data in the decoherence gaps. (b) Merged initial ALK data. (c) Re-
wrapped merged initial ALK data. (d) Decoherence zone of initial ALK data with 
additional randomly selected sample points from the initial ALK data in the 
decoherence gaps. (e) Re-processed and then re-wrapped ALK data from (d). (f) The 
final re-wrapped ALK result with re-processed ALK data in fault zone and the initial 
ALK data outside merged. 
 
(a) (b) 
(c) (d) 
(e) (f) 
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4.4 ALK DInSAR data fidelity assessment 
4.4.1 Regional assessment of the ALK DInSAR data 
Using the multi-step ALK processing described in the previous section, radar line of sight 
(LOS or slant range) surface motion maps of all the PALSAR paths covering the 
Longmenshan fault zone have been reconstructed individually from the unwrapped 
interferogram. There are, however, block shifts and discontinuities between the ALK data 
stripes of different paths, which are in general caused by satellite orbit drifts and differing 
acquisition times between imaging paths of interferometric pairs of the SAR data. Empirical 
linear adjustments were applied to shift and tilt the adjacent stripes of ALK data in the range 
and azimuth directions (Chini et al., 2010). This post processing stitches the ALK data of all 
the paths, with minimized inter-path displacement and discontinuity, to formulate the final 
LOS (slant range) motion map of the entire Longmenshan fault zone (Figure 4.5).  
Whilst the original unwrapped interferogram (Figure 3.5) is degraded by extensive areas of 
decoherence, the ALK data (Figure 4.5) is continuously smooth and without gaps. It shows 
sharp contrast of opposite motion direction along the two sides of the Longmenshan fault 
system. For visual comparison with the original interferogram (Figure 4.6(a)), Figure 4.5 has 
been re-wrapped to produce Figure 4.6(b). In the original interferogram (Figure 4.6(a)), there 
are hardly any discernible fringe patterns adjacent to the fault and the estimation of surface 
deformation is impossible from the chaotic and random patterns in the decoherence zone 
along the Longmenshan fault. While the ALK-refined interferogram in Figure 4.6(b) shows 
very dense fringe patterns indicating that the magnitude of surface displacement near the fault 
is significantly greater than outside the immediate vicinity of the fault zone. On the other hand, 
the fringe patterns outside the decoherence zone are nearly identical to the original 
interferogram (Figure 4.6(a)).  
For regional assessment of the quality of the final ALK DInSAR data, profiles in each 
individual path, as denoted in Figure 4.5, are plotted using both the original unwrapped 
interferogram and the corresponding ALK-refined result as shown in Figure 4.7. These 
profiles demonstrate that the surface deformation across the fault in the ALK-refined result is 
almost exactly the same as in the original unwrapped interferogram for each path, except that 
the missing data in the original unwrapped interferogram are complemented by the continuous 
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ALK data in the areas of decoherence. The rapid changes are quantitatively presented in these 
across fault profiles in Figure 4.7 in which the positions of the minima of deformation profiles 
are indicative to the location of the actual seismic fault. The trace of these minima trench is 
not entirely consistent with the mapped YBF that we used to initiate the ALK processing. 
While the profiles in Figure 4.7(a), (b), (e) and (f) showing good matching, the profiles in 
Figure 4.7(c) and (d) reveal discrepancy. The observation confirms that the ALK interpolation 
procedure is robust enough not to be dictated by the initial fault line that separates the 
DInSAR data into hanging wall and footwall sub datasets.  
The correlation coefficients between the two datasets along these profiles are very high, 
approaching 1, and the root mean square errors (RMSEs) are at least 7 times smaller than the 
half wavelength (0.118 m) of the L-band, as shown in Table 4.1. This implies that the ALK 
interpolation method has high fidelity to the original dataset and without over smoothing in 
the decoherence zone where the data are missing. However, the fidelity of the retrieved data 
needs to be rigorously validated before we can accept the method. 
 
Table 4.1 
Root mean square error (RMSE) and correlation coefficient (Cor-Coef) between 
original unwrapped interferogram and ALK data for each path 
Path RMSE (m) Cor-Coef 
471 0.0053592 0.999999 
472 0.00909682 0.999356 
473 0.0083478 0.999728 
474 0.017176 0.997871 
475 0.0059325 0.999693 
476 0.0071013 0.998982 
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4.4.2 Fidelity verification experiments 
For fidelity verification of the ALK DInSAR data, a test site presenting a clear pattern of 
dense multiple fringe rings at the NE end of the fault zone in Qingchuan area in the original 
interferogram in Path 471 was chosen, as shown in Figure 4.8 and Figure 4.9. This is the only 
high quality dense fringe pattern within the Longmenshan fault zone in the PALSAR data that 
we work with. 
The data in the central part of this pattern was artificially masked off in three different 
portions from the original unwrapped interferogram as a decoherence gap of different sizes as 
shown in Figure 4.8(b)-(d). The multi-step ALK procedure was then applied to the unwrapped 
interferograms with the artificial decoherence gaps to retrieve the missing data as showing in 
Figure 4.8(e)-(g) in which, the DInSAR data are recovered with very high spatial correlation 
within the artificial decoherence gaps and low discrepancy to the original data (Table 4.2) in 
Figure 4.8(e) and (f). For the large decoherence gap (Figure 4.8(g)), the spatial correlation 
decreases drastically. 
 
Figure 4.8 is rewrapped to produce the interferograms, as shown in Figure 4.9. Figure 4.9(e) 
and (f) show that dense fringe rings are very well recovered. It is interesting to notice that 
Table 4.2 
Root mean square error (RMSE) and correlation coefficient (Cor-Coef) between 
original unwrapped interferogram and ALK data in Figure 4.8. The comparison is 
made using the data only within the artificial decoherence gaps. 
 Small gap Mediate gap Large gap 
Size (km): 
Width×Length 
≈2.5×14 ≈6×14 ≈10×14 
RMSE (m) 0.039223904 0.045022559 0.13163117 
Cor-Coef 0.96557622 0.95773363 0.55719926 
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despite of slightly lower spatial correlation, the center part of the circular fringe pattern in 
Figure 4.9(f) is visually more similar to the original interferogram Figure 4.9(a) than Figure 
4.9(e), even though the width of the mask gap is increased from ~2.5 km to ~6 km (Table 4.2 
and Figure 4.9(b)-(c)). This is because the deformation gradient starts to become steeper 
around the mediate gap in Figure 4.9(c), the ALK followed this deformation trend, which is 
representative to the gradient of whole pattern of the multiple fringe rings, to recover the data 
including the small central ring. Whilst, the narrow gap in Figure 4.9(b) just masks off the 
central ring resulting in an unrepresentative smooth deformation gradient across the central 
part of the pattern and consequently, the small central ring is smoothed out. 
Further expand the gap to mask off all the central dense fringe rings (Figure 4.9(d)), the 
ALK had to follow the trend of much lower creeping deformation gradient remained in the 
vicinity of the gap to interpolate data smoothing through the gap, failed to recover the dense 
rings as shown in Figure 4.9(g). This experiment indicates that the ALK is very capable of 
recovering the data spatial patterns even only residuals of these patterns remain. It is therefore 
quite reliable to recover the data in small decoherence gaps. In the case of large decoherence 
gaps (e.g. width > 10 km) where the local details are completely missing, the ALK cannot 
recover the details from nothing but instead it produces smoothed data based on the trend in 
the vicinity of the decoherence zone. Such data (Figure 4.9(d)) are not accurate to the local 
details of deformation but representative at a lower spatial resolution to the regional 
deformation trend. 
Figure 4.10 shows another case to demonstrate that ALK is able to recover fringes broken 
by decoherence gaps to continuous fringes by following the deformation trend around the 
decoherence gaps. Figure 4.10(a) is the interferogram of Beichuan area in Path 473 in which 
two fringes are interrupted by a large decoherence gap as shown in the red box. After the 
multi-step ALK been applied, the broken fringes become continuous through the gap as 
illustrated in the red box in Figure 4.10(b). Although the decoherence gap here is larger than 
the artificial gaps in Figure 4.8 and Figure 4.9, the deformation trend across the decoherence 
gap does not change as rapidly because the fringes are parallel rather than perpendicular to the 
fault zone, and thus the deformation data can still be reasonably recovered.  
Indeed, for the larger decoherence gaps in the seismic fault zone, such as the area between 
YBF and PF, the ALK interpolated data cannot provide full details of the deformation but a 
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smoothed version representative to the regional trend of deformation as demonstrated in 
Figure 4.6(b). 
4.5 Summary 
The ALK is a modification of Ordinary Kriging by implementation of an adaptive 
moving window mechanism. The key merits of the ALK are two folds: i) the simulation of the 
complex nonlinear data variation trend over a large area using many localized linear 
semivariograms; and ii) a significant increase in interpolation processing speed. 
The DInSAR data derived from ALOS L-band PALSAR across-event interferometric pairs 
covering the whole Wenchuan earthquake zone has been processed using the ALK to retrieve 
the missing data in the decoherence zone along the Longmenshan fault system where the 
coseismic deformation was significant and chaotic. The ALK is able to interpolate the values 
which are very close to the original dataset without obvious smoothing effects. The maximum 
RMSE for each path of the DInSAR data is less than one-seventh of the half wavelength of 
the L-band, which implies that the adaptive local linear gradient honours data and is thus 
better than a global semivariogram model. Although ALK is a robust interpolation method, 
the error in the predicted value can still increase drastically in large decoherence gaps because 
of the lack of good quality data for the localized processing. To deal with the problem, a 
multi-step processing procedure combining the ALK with the Ordinary Kriging is developed. 
Based on this multi-step processing procedure, final interpolation result is not sensitive to the 
exact position of the initial fault line separating the data into two halves. Therefore, the 
continuous deformation data across the seismic fault in the decoherence zone can be 
generated. Although the computation is demanding, the approach ensures the high quality 
retrieval of the missing deformation data. Verification experiments by artificially masking off 
high quality interferometric fringe patterns proved that the ALK method can retrieve the 
missing data with high fidelity and robust to cope with fairly large data gaps. The ALK 
refined DInSAR data presents continuous LOS deformation of Wenchuan earthquake region 
and thus provided an improved constrain for the further forward modelling of the seismic 
faulting configuration and mechanism as describe in the next chapter. 
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Figure 4.5 ALK refined DInSAR data marked with profile lines (black), mapped YBF (red dotted line) (Burchfiel et al., 2008; Chen and 
Wilson, 1996; Dong et al., 2008; Hubbard and Shaw, 2009) and the trace of local negative maxima along the fault line (white dotted line).  
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Figure 4.6 (a) Original PALSAR interferogram (mosaicked) of Wenchuan earthquake region. (b) ALK refined interferogram (mosaicked). 
Red lines represent the interpreted faults of the Longmenshan fault zone (Burchfiel et al., 2008; Chen and Wilson, 1996; Dong et al., 2008; 
Hubbard and Shaw, 2009), the longer red line is the YBF and the shorter line (to the south-east) the PF. 
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(a) 
(b) (c) (d) 
(g) (f) (e) 
Figure 4.8 (a) Unwrapped original interferogram of the test site in Path 471. (b)-(d) 
Three artificial gaps in different sizes (small, mediate and large). (e)-(g) The ALK 
results from (b)-(d) respectively.  
 
≈0.15 m 
≈-0.6 m 
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(a) 
(b) (c) (d) 
(g) (f) (e) 
Figure 4.9 (a) Original interferogram of the test site in Path 471. (b)-(d) Three artificial 
gaps in different sizes (small, mediate and large). (e)-(g) The re-wrapped ALK results 
from Figure 4.8(b)-(d) respectively.  
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Figure 4.10 (a) Original interferogram in Path 473. (b) Interferogram after ALK. The 
red box denotes the decoherence gap in (a) and recovered fringes in (b). 
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Chapter 5 
Modelling of Longmenshan fault zone 
based on refined DInSAR data and 
horizontal displacement maps of 2008 
Wenchuan Earthquake 
As described in Chapter 1, the major seismic fault of the Wenchuan earthquake, the 
Longmenshan thrust belt, runs over a length of 300 km from northeast (NE) to southwest 
(SW) along the eastern edge of the Tibetan Plateau (Burchfiel et al. 1995; Densmore et al., 
2007; Burchfiel et al. 2008) as shown in Figure 1.1. There is considerable dispute on the 
relationship between the two major faults of the fault zone, the YBF and the PF. Some 
publications indicate that the YBF is the main fault (Figure 5.1(a)), in the section where the 
two are parallel, and that it joins the PF at a depth of about 10 km and extends to depth of 
about 15 km below the land surface (Li et al., 2010; Shen et al., 2009; Xu et al., 2010; Tong et 
al., 2010). On the other hand, several other publications (Yu et al., 2010; Furuya et al., 2010; 
Li et al., 2009) suggest that the PF is the main fault (Figure 5.1(b)) and that it merges with the 
YBF at a depth of about 13 km and then extend to a depth of about 15 km below the surface. 
Forward modelling using DInSAR as a constraint is an effective technique for determining 
the geometry of the seismic fault. However, it is often hindered by the fact that the crucial 
data relating to the deformation in the vicinity of the seismic fault are lost because chaotic 
ruptures destroyed the InSAR signal coherence in these areas as presented in Chapter 3. The 
development of the ALK method, as detailed in Chapter 4, enables retrieval of the missing 
deformation data in the decoherence areas of the Longmenshan fault zone with high fidelity, 
thus to produce a refined DInSAR dataset which is not interrupted by decoherence gaps. 
Meanwhile the sub-pixel offset technique using the PCIAS has been applied to the cross-event 
SAR amplitude images to derive the horizontal displacement data in ground range and 
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azimuth directions along the Longmenshan fault zone (Chapter 3). The two datasets presents 
the spatial patterns of deformation of the Wenchuan earthquake and enables the interpretation 
of the faulting properties in key areas, which provide refined constraints to the fault geometry 
and style for the forward modelling of the Longmenshan fault zone using the Poly3D 
software. 
 
 
Figure 5.1 (a) YBF is the main fault in the section where the YBF and PF are parallel, 
and that it joins the PF at a depth of about 10 km and extends to depth of about 15 km 
below the land surface (Li et al., 2010; Shen et al., 2009; Xu et al., 2010; Tong et al., 
2010). (b) PF is the main fault and that it merges with the YBF at a depth of about 13 km 
and then extends to a depth of about 15 km below the surface (Yu et al., 2010; Furuya et 
al., 2010; Li et al., 2009). The solid line indicates the main rupture fault, the dashed line 
the secondary fault. 
(a)   
10 km 
YBF 
PF 
(b)    
13 km 
YBF PF 
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5.1 Interpretation of faulting motion from the ALK DInSAR 
and pixel-offset data 
The ALK DInSAR data is a refined deformation map in radar LOS (or slant range) 
direction. The ground range pixel-offset map is directly proportional to the LOS map but with 
much lower spatial resolution while the information of azimuth motion presented in the 
azimuth pixel-offset map is not available in the DInSAR data. As shown in Figure 3.8 and 
Figure 3.9 in Chapter 3, the NE-SW trending YBF and PF can be traced in the ground range 
and the azimuth displacement maps respectively. In addition, a left lateral, NW trending 
oblique-slip fault, the XF (Furuya et al., 2010), can be observed cutting the YBF and meeting 
the SW tip of the PF, which is not directly obvious in the LOS map.  
The combination of DInSAR and pixel-offset data provide an improved characterization of 
the coseismic motion but still not adequate to derive independent 3D components of the 
motion without data of pure horizontal or vertical motion. As the LOS (as well as the ground 
range) motion can be induced by both vertical and horizontal motions, the interpretation for 
possible horizontal and vertical faulting motion from both the LOS map and the pixel-offset 
maps is not straight forward, particularly for the NE trending faults in the Longmenshan thrust 
belt. The ALOS PALSAR images were taken in ascending eastward-looking orbits and 
therefore horizontal motion towards the east along the NE trending YBF will produce a 
positive phase difference (LOS displacement away from the satellite) between the cross-event 
SAR image pairs, yet an uplift of the hanging wall of the fault would produce a negative 
phase difference (Agustan, 2010). Thus any section propagating in a SE direction through the 
thrust may produce either a positive or negative or zero phase difference depending on the 
balance between the eastward motion and the amount of uplift. As illustrate in the Figure 5.2, 
if the first observation, O1, is purely moved eastward to the second observation, O2, it will 
produce a certain amount of positive LOS (green line) and the corresponding ground range 
displacement. The magnitude of the eastward motion is equal to the ground range 
displacement at this stage. However, to keep the magnitude of the positive LOS fixed with 
some uplift motion (   ) involved (observation 3, O3), the magnitude of the eastward motion 
has to be increased to the position O3’ (  ), the perpendicular projection from O3 to the 
surface. Now, keep the    fixed and let the LOS approaches 0, the magnitude of     has to 
increase to    . It can be expressed as 
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     , then                                                                                               (5.1) 
Thus, according to the Figure 5.1 we have,  
   
  
 
   
  
                                                                                                           (5.2) 
While,             
                                                                                                                (5.3) 
where   is the nominal look angle of the SAR. The formula (5.3) indicates that to produce a 
positive LOS, the uplift motion must be less than      times of eastward motion. For L-band 
PALSAR,   ≈39°,           . This means that under the condition of uplifting, any 
positive LOS must involve significant eastward motion. 
Bearing this in mind, that any positive LOS or ground range offset on the uplifting hanging 
wall of the NE trending YBF must involve considerable eastern ward motion and vice versa 
for the negative LOS or ground range offset on the submerging footwall. Therefore, based on 
the formula (5.1) – (5.3) and the Figure 5.2, the ground range displacement data can be treated 
as part of horizontal displacement in ground range direction, although the magnitude of the 
eastward motion is underestimated. Figures 5.3(b)-(d) show the layer of vector presentation of 
pixel-offsets (optical flow) which was generated by PCIAS (Figure 3.7), overlay on the 
ground range pixel-offset map in several key areas of the Wenchuan earthquake (Wu et al., 
2012b). Figure 5.3(b) indicates strong thrust toward SE direction almost perpendicular to the 
YBF in the Beichuan area, as shown by the large magnitude offset vectors on the hanging 
wall. While on the footwall, the horizontal offset vectors are almost parallel to the YBF, 
pointing from NE to SW, indicating dextral slip motion. The YBF in the old Beichuan town 
area is therefore dominated by thrusting with some right-lateral slip motion. In contrast, in the 
area around Yingxiu including the epicentre of the main shock, shown in Figure 5.3(c), 
hanging wall moved significantly in a SE direction, perpendicular to the YBF, while the 
footwall moved little roughly in the same direction. The net motion in this section of the YBF 
is therefore largely purely thrust (Figure 5.4(a)). Figure 5.3(d) reveals the motion in the area 
of oblique-slip XF, the horizontal motion on the SW side of the fault is mainly from NW to 
SE and is roughly parallel to the fault line resulting in left-lateral slip. However, as the SW 
side of the XF is on the footwall of the YBF, the eastern ward motion of the offset vectors 
could also be resulted from the subsidence of the area. In this case the field evidence is 
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important. The XF destroyed the Xiaoyudong Bridge (Figure 5.4(b)) in a shear strike slip 
motion while not obvious vertical motion was observed along this fault in field investigation. 
 
 
 
 
Figure 5.2 The imaging geometry of the relationship between horizontal motion and 
vertical motion for a positive DInSAR LOS under the condition of eastward and uplift 
motion. 
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The length of the horizontal offset vector for 2 meters displacement. 
Figure 5.3 (a) Ground range displacement map. The red star denotes the epicentre of the 
main shock of the Wenchuan earthquake. Black solid circles are towns. (b) Horizontal 
offset vector field (optical flow) overlaid on (a) in Beichuan region. (c) Horizontal offset 
vector field (optical flow) overlaid on (a) in the epicentre area of the Wenchuan 
earthquake. (d) Horizontal offset vector field (optical flow) overlaid on (a) in the area of 
the XF. The brown line in (b), (c) and (d) is the YBF, the red line the PF and the blue line 
the XF.  
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Figure 5.4 (a) Thrust fault plane exposed in organic mud deposits near Hongkou town. 
The high pressure and temperature produced by the thrust make the surface of the thrust 
plane relatively hardened forming a carbonate skin. The slickenside on the plane indicate 
the major motion is thrust uplift of the western block but the secondary overlaid scratches 
across the major scratch in about 20° from horizontal indicate right lateral movement. 
(Field photo taken by JG Liu in July 2008). (b) XF just cut through the Xiaoyudong Bridge 
and the bridge was completely destroyed while the damage in near vicinity was relatively 
light. (Field photo taken by JG Liu in July 2009) 
(a) 
(b) 
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5.2 Basic concepts of numerical modelling to fault geometry and 
surface deformation using Poly3D 
5.2.1 General concept of inverse and forward modelling 
The dislocation model was first introduced by Steketee, 1958; then numerous theoretical 
formulations describing the deformation of an isotropic homogeneous semi-infinite medium 
have been developed with increasing completeness and generality of source type and 
geometry (Okada, 1985 and 1992). In Okada’s paper (1985 and 1992), the point source and 
finite rectangular source have been used to describe the behaviour of the surface 
displacements from the dislocations of strike-slip, dip-slip and tensile faults by using the 
mathematical equations, which bought widely application for the crustal deformation research 
based on the geodetic observations, including modelling the 2008 Wenchuan earthquake 
(Hashimoto et al., 2009; Shen et al., 2009; Xu et al., 2010; Tong et al., 2010; Furuya et al., 
2010; Zhang et al., 2011). The basic idea of dislocation model is to assume a dislocation from 
a source configuration in an isotropic homogeneous half-space, then make surface 
displacements due to different types of fault geometries. The software used in this research, 
Poly3D, is based on the concept describe above, which is developed for the inversion and 
forward modelling of coseismic and postseismic fault plane deformations based on geodetic 
data (Thomas, 1993).  
Generally, the inverse modelling in Poly3D is for slip inversion based on the solution for an 
angular dislocation in an elastic half-space, employing triangular elements of constant 
displacement discontinuity to model fault plane (Maerten et al., 2005). Geologically, a 
polygonal element may represent some portion of a fracture or fault surface across which the 
discontinuity in displacement is postulated to be constant. Several polygonal dislocation 
elements may be used to model faults or fractures with varying attitude. The assemblage of 
these polygons provides the means to model geological structures with complex, three 
dimensional boundaries and shapes. Assume a measured displacement (e.g. GPS or DInSAR 
data, etc.)    at a point p on the Earth surface due to a slip   on element e beneath, the 
relationship between the surface ruptures and the fault slip can be expressed as  
                                                                                                                   (5.4) 
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where G is the Green’s function (Maerten et al., 2005), which is the function to describe the 
relationship between the model (fault geometry) and the measured data (e.g. GPS or DInSAR 
data, etc.), E the measurement errors and me the slip for the presumed fault geometry. 
However, the inversion problem for the fault geometry deals with the nonlinear formulation, 
which is much more complicated than linear formulation, even for very simple geometries 
(Cervelli et al., 2001). Therefore, the “priori” assumptions based on observations of surface 
ruptures, the relocations of aftershocks, reflection seismology, etc are taken into account. 
With these priori assumptions, inversion of slips can be simplified as a linear inverse problem 
and it is possible to compute the analytic solutions. Thus, the priori fault geometry is used to 
inverse the along fault slips from the measured displacement data and then the fault geometry 
is fine-tuned based on the discrepancy between the modelled and measured displacements. 
This processing cycle iterates till the optimal slip results are obtained as mentioned in the 
literature review of inverse modelling in the Chapter 2. 
Equation (5.4) can also be used to the forward modelling the surface displacement from 
known fault geometry and slips. The Poly3D forward modelling is to calculate the quasi-static 
displacement, strain and stress fields in a linear-elastic, homogeneous and isotropic whole or 
half-space using planar, polygonal elements of displacement discontinuity (Thomas, 1993), as 
shown in Figure 5.5. Geologically, a polygonal element may represent some portion, or all, of 
a fracture or fault surface. The displacement discontinuity (fracture aperture or fault slip) is 
assumed constant on each element, but one may use multiple elements to model an arbitrary 
number of mechanically-interacting fractures or faults with non-uniform slip distributions. 
The discretization of a fault surface into triangular boundary elements allows the construction 
of a three-dimensional surface with an irregular tip line. For the manners of the displacements 
for an element, boundary conditions include uniform displacement discontinuities on each 
element, or tractions matched at element centres, and uniform remote stresses or strains. 
Output includes the displacement vector, and the stress and strain tensors on user-defined 
observation grids (land surface). 
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5.2.2 Principle of Poly3D 
The essential mathematical equations in Poly3D are derived by Comniou and Dunders 
(1975) for an angular dislocation in an elastic half-space. The angular dislocation lies in a 
vertical plane with one leg perpendicular to the free surface and its two legs subtend an angle 
  then extend to infinity from a common vertex   (Thomas, 1993), as shown in Figure 5.6. 
Figure 5.5 The polygonal elements used by Poly3D are planar surfaces of uniform 
displacement discontinuity. Elements may have any number of sides greater than two. The 
displacement discontinuity across an element is measured by its Burgers vector,    ⃗⃗⃗  . 
(Thomas, 1993).  
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Figure 5.6(C) and (D) show that three or more side dislocation will form a polygonal element. 
Then the exact boundary conditions on a polygonal element are given by the components of 
the uniform displacement discontinuity as measures by the Burgers vector   ⃗⃗⃗  =(        ). 
According to Comniou and Dunders (1975), to calculate the displacement at the surface of 
the polygonal element, the Burgers vector can be expressed as below based on Figure 5.7,  
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Case II: Burgers vector (      ) 
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Case III: Burgers vector (      ) 
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Therefore, at any point, x, in the elastic body, the displacement component,   , due to an 
angular dislocation is a linear function of the three Burgers vector components, 
      (         )  ⃗⃗⃗                                                                                         (5.18) 
where the     is the displacement influence coefficient for the angular dislocation (Thomas, 
1993).     gives the displacement component,   , at point x, resulting from a Burgers vector 
  ⃗⃗⃗  , of unit magnitude on an angular dislocation defined by  ,   and  . Here   is the angle 
between x1 and the dislocation plane. 
Based on the equations above, (5.5) ~ (5.18), the displacement component,   , for those 
polygonal elements with more than three side dislocation, as shown in Figure 5.6(D), the total 
displacement field can be expressed as,  
   ∑    
   
     ⃗⃗⃗                                                                                                   (5.19) 
In general, an n-sided polygon requires 2N angular dislocations (Thomas, 1993). (5.19) can 
then be rewritten as  
      
 (             )  ⃗⃗⃗                                                                                (5.20) 
where 
   
  ∑    
   
                                                                                                      (5.21) 
   
    are the displacement influence coefficients for the entire n-sided polygonal element. 
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Furthermore, if there are more than one polygonal element (e.g. fault segments) in the 
elastic body, the total elastic field is determined by superposition. For instance, the 
displacement u, at point x, resulting from M polygonal elements is given by 
   ∑
 
   
 
 
  ⃗⃗⃗  
 
                                                                                                   (5.22) 
where 
 
   
  are the displacement influence coefficients    
  due to the m
th
 element and 
 
  ⃗⃗⃗  
 is the 
Burgers vector component,   ⃗⃗⃗  , on the m
th
 element. 
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Figure 5.6 (A) The angular dislocation of Comninou and Dunders (1975) lies in a vertical 
plane with one leg perpendicular to the free surface. (B) Two angular dislocations with 
identical Burgers vector   ⃗⃗⃗   can be superposed to yield a single dislocation segment. (C) 
and (D) Three or more dislocation segments with vertices in a common plane can in turn 
be superposed to yield triangular or polygonal elements of arbitrary orientation 
(Jeyakumaran et al., 1992). In these diagrams, shading is used to highlight the dislocation 
surface (Thomas, 1993).  
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5.3 Forward modelling of the Longmenshan fault zone 
Based on the fault lines interpreted from the local negative maxima in the ALK DInSAR 
data (Figure 4.5, white dotted line) and from the horizontal displacement maps (Figure 3.8 
and 3.9), and with reference to the GDEM (Global Digital Elevation Model) (Tachikawa et al., 
2011), the forward modelling was initiated by dividing the YBF, PF and XF into 14 major 
fault segments with varying strike angles, as shown in Figure 5.8. The maximum bottom 
depth was assumed in a range between ~17 km to ~10 km from SW to NE based on focal 
mechanism data from the CDSN and USGS (Li et al., 2010; Huang et al., 2008). The slip rate 
for each segment is based on the averaged field observation data (Xu et al., 2009; Yu et al., 
2010) and the published inversion models (Shen et al., 2009; Xu et al., 2010; Hashimoto et al., 
2009; Tong et al., 2010; Furuya, 2010). Therefore, the slip rate is uniformly distributed for 
Figure 5.7 Angular dislocation in a half-space (Comninou and Dunders, 1975).  
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each fault segment, which is similar as the inversion model proposed by (Hashimoto et al., 
2009).  
 
Controversy exists regarding the fault dip angles of the YBF and PF. The seismic reflection 
profiles presented in (Li et al., 2010) indicate that the dip angle of YBF is ~45
°
 towards the 
SW, becoming shallower toward the NE (~30
°
). However, the published simulation results, 
which are based on variety of models, suggest that the fault dip steepens along strike from SW 
towards the NE reaching ~70
°
 in the northeastern-most segments of the YBF (Shen et al., 
2009; Xu et al., 2010; Hashimoto et al., 2009; Tong et al., 2010; Furuya, 2010). In our 
numerical modelling, both scenarios of dip angles for the NE segments of the YBF were 
considered. The forward modelling was initiated with dip angles based on the seismic 
reflection profiles and then in a trial and error process, the shapes of the fault segments were 
modified with their 3D geometry and faulting parameters fine-tuned to achieve an optimal fit 
Figure 5.8 The red line represents the segments of the YBF, the yellow line segments of PF 
and the green line the segment of XF. These fault segments are traced from the horizontal and 
vertical displacement maps and the local negative maxima of the LOS displacement in the 
ALK DInSAR data.  
Chapter 5   Modelling of Longmenshan fault zone 
106 
 
between the simulated fringe patterns generated by the Poly3D and the ALK DInSAR 
interferogram.  
The reasons not using the original DInSAR interferogram and sub-pixel offset data are:  
1) The location(s) of the possible main rupture fault(s) cannot be clearly identified in the 
large decoherence zone in the original DInSAR data, while the ALK DInSAR data clearly 
indicates the possible main rupture fault. The ALK DInSAR interferogram presents dense 
fringe patterns along the seismic fault zone following the deformation trends in the original 
DInSAR interferogram, such as the dense fringe patterns in the area between the YBF and the 
PF rather than the chaotic fringe patterns in the original DInSAR interferogram. These 
recovered dense fringe patterns in the ALK DInSAR interferogram make the verification to 
the modelled results possible.  
2) The sub-pixel offset data (ground range and azimuth displacement maps) are not adequte 
to represent the true eastward and northward displacement motions based on the SAR imaging 
geometry as indicated in section 5.1. However, it does provide the locations of the main 
rupture faults and by combining the ground range and the azimuth displacement data, the 
horizontal offset vector fields (Optical flows in Figure 5.3) provided the meaningful constraint 
for the forward modelling. 
Consequently, the forward modelling using Poly3D in this research can be characterized 
into three steps, 1) Fault geometry construction. 2) Slip rate assignation to each fault segment. 
3) ALK DInSAR and modelled interferograms comparison. In the following sections, three 
representative models are presented together with our interpretation of the Longmenshan fault 
zone. 
5.3.1 Model 1: Yingxiu-Beichuan fault is the main fault with a single 
dipping plane for each fault segment 
The most complicated segment of the Longmenshan fault zone is the area where the YBF 
and PF are parallel. Most publications indicate that the NE-SW trace of the YBF takes a sharp 
kink to the NW at the position where the NE tip of the PF emerges. The PF extends to the SW 
in parallel to the YBF and its trace takes the position that the YBF would be without the kink 
as shown in Figure 3.4 (Burchfiel et al. 2008; Chen and Wilson, 1996; Dong et al., 2008; 
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Hubbard and Shaw, 2009). This interpretation was taken as the starting point for the forward 
modelling using the Poly3D.  
As shown in Figure 5.9, the fault zone is divided into 14 segments. Ten segments represent 
the YBF, 3 the PF and 1 the XF. The dip angle for each fault segment is based on the seismic 
reflection profiles which indicate gentle dip angles for the entire YBF (Li et al., 2010). The 
details of the fault model settings are given in Table 5.1. The key configuration is that PF 
segments P1-P3 are intercepted by the YBF segment B3 at a depth of about 10 km, as 
illustrated in the inset in Figure 5.9(a). By fine tuning the fault parameters, the simulated 
differential interferogram and LOS displacement that best fits the ALK DInSAR data are 
shown in Figure 5.10 and Figure 5.11. In general, the fringe patterns are similar but there are 
clear discrepancies. The key observations are: 
1) As shown in the ALK DInSAR interferogram (Figure 5.10(a)), the fringe patterns in the 
section of the hanging wall of B1–B3, in the SW section of the YBF, comprise an 
elongated two-ring pattern on the NW side of the hanging walls of the B1 segment (the 
area NW to the dense fringe patterns) and a circular one-ring pattern on the hanging 
wall of the B3 segment; these two patterns are enclosed by a larger ring extending from 
the SW end of the YBF to B3 segment. While the simulated fringe patterns in the 
corresponding area comprise two elongated multiple-ring patterns which are not 
enclosed by a larger ring, as shown in Figure 5.10(b). 
2) The dense fringe patterns between the parallel segments of YBF (B3) and PF (P1-P3) 
shown in the ALK DInSAR interferogram (Figure 5.10(a)) are largely absent from the 
simulated interferogram (Figure 5.10(b)). 
3) The dense fringe pattern belt corresponding to B1, at the SW end of the YBF in the 
ALK DInSAR interferogram, is too narrow and does not extend to the fault line in the 
simulation interferogram. 
4) The gentler dip angles used for segments B8 and B9, in the NE section of the YBF, 
produced rectangular fringe patterns in the hanging wall and as whole, there is only one 
fringe appearing in the footwall in the simulated interferogram. These are a poor match 
with the ALK DInSAR interferogram. 
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5) The dense circular fringe pattern shown in the ALK DInSAR interferogram, at the NE 
end of the YBF and corresponding to B10 in the model, is not clear in the simulated 
interferogram. 
 
Segment Sub-
segment 
Latitude Longitude Strike 
(°) 
Dip 
(°) 
**Depth 
(m) 
Length 
(m) 
Width (m) *Dip slip 
(m) 
* Strike slip 
(m) 
B1  30° 57' 103° 28' 227.87 35 17510 52316.91 30527.75 3.50 0.30 
B2  31° 8' 103° 41' 209.03 35 16000 9135.99 27895.15 3.00 0.30 
B3  31° 23' 103° 55' 220.61 45 15000 61298.62 21213.20 0.50 0.80 
B4  31° 37' 104° 13' 259.56 40 13000 17128.86 20224.41 1.50 1.50 
B5  31° 43' 104° 22' 210.96 40 11000 23263.78 17112.96 2.00 2.00 
B6  31° 51' 104° 29' 229.76 40 11000 15098.28 17112.96 3.00 2.50 
B7  32° 1' 104° 40' 217.75 40 8000 34758.84 12445.79 2.00 2.50 
B8  32° 16' 104° 56' 227.68 30 8000 40167.06 16000.00 0.50 1.50 
B9  32° 28' 105° 13' 237.24 30 8000 28346.72 16000.00 0.20 1.30 
B10  32° 35' 105° 25' 225.93 30 8000 17720.02 16000.00 0.20 1.25 
P1  31° 9' 103° 46' 248.20 25 10000 21485.23 23662.02 0.50 0.50 
P2  31° 20' 104° 2' 222.91 25 10000 42972.73 23662.02 1.50 0.20 
P3  31° 32' 104° 12' 195.95 25 10000 16136.40 23662.02 1.50 0.50 
X1  31° 11' 103° 45' 124.22 90 15000 13402.06 15000.00 0.00 -1.00 
 
Table 5.1 
Fault parameters for the Model 1 (Figure 5.9). B represents the YBF, P the PF and X the XF. 
The latitude and longitude are the coordinates of the mid-point of the surface trace of each 
fault segment. 
* 
Positive value means the thrust and right-lateral motion respectively. 
**
The depth is measured from the terrain surface downwards.  
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(b) 
Figure 5.9 (a) The geometric configuration of the 3D fault structure of Model 1 and the 
labels for each fault segment, B represents the YBF, P the PF and X the XF. The inset 
diagram illustrates geometric relationship between the YBF and the PF along the cross-
section denoted by the red line. (b) A different view of the 3D fault geometry. The green 
arrow points to the north. The blue line in the inset represents the secondary fault. 
(a) 
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(a) 
(b) 
Figure 5.10 (a) ALK interferogram; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated interferogram of Model 1. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
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(a) 
(b) 
Figure 5.11 (a) ALK DInSAR data; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated DInSAR data of Model 1. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
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5.3.2 Model 2: Yingxiu-Beichuan fault is the main fault with variable dip 
angles at depth for the major fault segments and with steepening dip 
angle toward the NE segments of the YBF 
To reduce the major discrepancies between the predicted and observed interferograms 
observed in Model 1, this model is modified as follows (Figure 5.12): 
 The major segments of YBF (B1-B7) and PF (P1-P3) are re-configured as multiple 
planes with differing dip angles to simulate a curved fault plane i.e. steeply inclined 
near the surface and more gently inclines at depth. The details of the 26 segments 
and sub-segments are listed in Table 5.2. 
 The dip angles in the NE segments of the YBF (B8-B10) were set steeper according 
to the models proposed by (Shen et al., 2009; Xu et al., 2010; Hashimoto et al., 2009; 
Tong et al., 2010; Furuya et al., 2010). 
 Segment B10 at the NE end of the YBF (Qingchuan area) is treated as a blind thrust 
at a depth of 5 km rather than an apparent strike slip fault.  
Figure 5.13(a) and (b) shows the ALK DInSAR interferogram and the modelled 
interferogram respectively. Figure 5.14 shows ALK DInSAR data and modelled DInSAR data. 
The simulated interferogram for this model in Figure 5.13(b) shows a considerable 
improvement in fitting between the ALK DInSAR interferogram (Figure 5.13(a)) and that 
generated by the model. In particular, the dense circular fringe pattern in the hanging wall of 
the YBF at its NE end, shown in the ALK DInSAR interferogram, is well simulated by the 
model. The setting of B10 as a blind thrust is the only fault configuration that can produce a 
circular fringe pattern to match such a pattern in the ALK DInSAR interferogram in this area. 
The dense fringe pattern belt corresponding to B1 is widened to reach the YBF fault line as a 
result of variable dip angle of this segment. 
However, the new configuration of variable dip angles for segments B2–B3 and P1–P3 used 
in this model is ineffective to recover the dense fringe patterns between the YBF and the PF. 
Instead, extra fringe patterns are introduced in the B3 segment area, NW of the fault line on 
the hanging wall of the YBF, making the fringe patterns in this area less like the ALK 
DInSAR interferogram. The discrepancy of the ring patterns described in observation 1 of 
Model 1 is improved in model 2 but extra fringe rings are introduced in the hanging wall of 
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segments B1–B3 i.e. in the SW section of the YBF. Our experiments with various 
modifications of parameters of the basic model in which the YBF is the main fault are all 
unable to recover the dense fringe patterns between the YBF and the PF. We therefore have to 
consider changing this basic setting. 
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Segment Sub-
segment 
Latitude Longitude Strike (°) Dip (°) **Depth 
(m) 
Length (m) Width (m) *Dip slip 
(m) 
* Strike 
slip (m) 
B1 B1_1 30° 57' 103° 28' 227.87 60 2000 52316.91 2309.40 3.00 0.30 
 B1_2 30° 57' 103° 28' 227.87 35 16210 52316.91 24774.38 4.00 0.30 
 B1_3 30° 57' 103° 28' 227.87 20 17510 52316.91 3800.95 2.00 0.00 
B2 B2_1 31° 8' 103° 41' 209.03 60 2000 9135.99 2309.40 2.50 0.30 
 B2_2 31° 8' 103° 41' 209.03 35 16000 9135.99 24408.26 3.00 0.30 
B3 B3_1 31° 23' 103° 55' 220.61 60 2000 61298.62 2309.40 0.50 0.80 
 B3_2 31° 23' 103° 55' 220.61 50 12000 61298.62 13054.07 1.00 0.50 
 B3_3 31° 23' 103° 55' 220.61 30 15000 61298.62 6000.00 0.50 0.00 
B4 B4_1 31° 37' 104° 13' 259.56 50 2000 17128.86 2610.81 1.50 1.50 
 B4_2 31° 37' 104° 13' 259.56 40 13000 17128.86 17112.96 1.25 1.00 
B5 B5_1 31° 43' 104° 22' 210.96 50 2000 23263.78 2610.81 2.00 2.00 
 B5_2 31° 43' 104° 22' 210.96 40 11000 23263.78 14001.51 1.80 1.50 
B6 B6_1 31° 51' 104° 29' 229.76 50 2000 15098.28 2610.81 2.50 2.50 
 B6_2 31° 51' 104° 29' 229.76 40 11000 15098.28 14001.51 3.00 2.25 
B7 B7_1 32° 1' 104° 40' 217.75 50 2000 34758.84 2610.81 2.00 2.50 
 B7_2 32° 1' 104° 40' 217.75 40 8000 34758.84 9334.34 1.50 2.00 
B8  32° 16' 104° 56' 227.68 70 8000 40167.06 8513.42 1.00 2.50 
B9  32° 28' 105° 13' 237.24 70 8000 28346.72 8513.42 0.50 2.00 
***B10  32° 35' 105° 25' 225.93 70 13000 17720.02 8513.42 2.00 0.00 
P1 P1_1 31° 9' 103° 46' 248.20 60 2000 21485.23 2309.40 0.50 0.20 
 P1_2 31° 9' 103° 46' 248.20 25 10000 21485.23 18929.61 1.00 0.20 
P2 P2_1 31° 20' 104° 2' 222.91 60 2000 42972.73 2309.40 1.00 0.50 
 P2_2 31° 20' 104° 2' 222.91 25 10000 42972.73 18929.61 2.00 0.50 
P3 P3_1 31° 32' 104° 12' 195.95 60 2000 16136.40 2309.40 0.80 0.80 
 P3_2 31° 32' 104° 12' 195.95 25 10000 16136.40 18929.61 1.20 0.80 
X1  31° 11' 103° 45' 134.22 90 15000 14470.15 15000.00 0.00 -1.00 
 
Table 5.2 
Fault parameters for the Model 2 (Figure 5.12). B represents the YBF, P the PF and X 
the XF. The latitude and longitude are the coordinates of the mid-point of the surface 
trace of each fault segment. 
* 
Positive value means the thrust and right-lateral motion respectively. 
**
The depth is measured from the terrain surface downwards. 
***
 B10 is a blind thrust fault 5000m below the terrain surface. 
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Figure 5.12 (a) The geometric configuration of the 3D fault structure of Model 2 and the 
labels for each fault segment, B represents the YBF, P the PF and X the XF. The inset 
diagrams illustrate geometry of the YBF along the cross-section denoted by the red line C1 
and the relationship between the YBF and the PF along the cross-section denoted by the red 
line C2. (b) A different view of the 3D fault geometry. The green arrow points to the north. 
The blue lines in the inset represent the secondary fault. 
(a) 
(b) 
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(a) 
(b) 
Figure 5.13 (a) ALK interferogram; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated interferogram of Model 2. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
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(a) 
(b) 
Figure 5.14 (a) ALK DInSAR data; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated DInSAR data of Model 2. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
Chapter 5   Modelling of Longmenshan fault zone 
118 
 
5.3.3 Model 3: Pengguan fault is the main fault and that the major fault 
segments have variable dips and with steepening dip angle toward 
the NE segments of the YBF 
Although in the majority of publications on this fault zone, the YBF is taken to be the main 
fault, other workers for example (Li et al., 2009; Furuya et al., 2010; Yu et al., 2010) argue 
that the PF is currently the main fault rupture. Our observation and measurements from the 
ALK interferogram, in particular the trace of local negative maxima of the LOS displacement 
in the ALK DInSAR data in Figure 4.5, support this interpretation, i.e. the PF is the main 
rupture fault. Therefore, the Model 2 is further modified so that the YBF is intercepted by the 
PF at a depth about 13 km as illustrated in the inset C2 in Figure 5.15(a). In this model, 
segment B3 is much less steeply inclined than before and it is thus configured as a single dip 
angle plane. Other parts of the model are largely unchanged and a total of 25 segments and 
sub-segments are used, as listed in Table 5.3. 
Figure 5.16(a) and (b) shows the ALK DInSAR interferogram and the modelled 
interferogram respectively. Figure 5.17 shows ALK DInSAR data and modelled DInSAR data. 
The fitting between the Model 3 simulation shown in Figure 5.16(b) and the ALK DInSAR 
interferogram in Figure 5.16(a) is a clear improvement on model 2 as outlined below. 
1) The dense fringe patterns between the parallel segments of the YBF (B2–B3) and 
PF (P1–P3) shown in the ALK DInSAR interferogram are very well simulated. 
2) The ALK DInSAR fringe patterns (Figure 5.16(a)) in the section of the hanging 
wall of B1–B3 in the SW section of the YBF, as described in the observation 1 of 
Model 1, are much better simulated in model 3 which generates an oval fringe 
pattern composed of two rings in the hanging wall of segment B1 (the area NW of 
the fault trace and the dense fringe patterns) and an elongated ring pattern on the 
hanging wall of segment B3. These two patterns are enclosed by a larger ring which, 
as shown in Figure 5.16(b), extends from the SW end of the YBF to segment B3. 
3) The low density fringe patterns along the SE side of the Yingxiu-Beichuan fault 
zone on the footwall are also better simulated and they closely resemble the ALK 
DInSAR interferogram. 
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Segment Sub-segment Latitude Longitude Strike (°) Dip 
(°) 
**Depth 
(m) 
Length 
(m) 
Width (m) *Dip 
slip (m) 
* Strike 
slip (m) 
B1 B1_1 30° 57' 103° 28' 227.87 60 2000 52316.91 2309.40 3.00 0.30 
 B1_2 30° 57' 103° 28' 227.87 35 16210 52316.91 24774.38 4.00 0.30 
 B1_3 30° 57' 103° 28' 227.87 20 17510 52316.91 3800.95 2.00 0.00 
B2 B2_1 31° 8' 103° 41' 209.03 60 2000 9135.99 2309.40 2.50 0.30 
 B2_2 31° 8' 103° 41' 209.03 35 16000 9135.99 24408.26 3.00 0.30 
B3  31° 23' 103° 55' 220.61 50 13500 61298.62 17623.00 0.50 0.80 
B4 B4_1 31° 37' 104° 13' 259.56 50 2000 17128.86 2610.81 1.50 1.50 
 B4_2 31° 37' 104° 13' 259.56 40 13000 17128.86 17112.96 1.25 1.00 
B5 B5_1 31° 43' 104° 22' 210.96 50 2000 23263.78 2610.81 2.00 2.00 
 B5_2 31° 43' 104° 22' 210.96 40 11000 23263.78 14001.51 1.80 1.50 
B6 B6_1 31° 51' 104° 29' 229.76 50 2000 15098.28 2610.81 2.50 2.50 
 B6_2 31° 51' 104° 29' 229.76 40 11000 15098.28 14001.51 3.00 2.25 
B7 B7_1 32° 1' 104° 40' 217.75 50 2000 34758.84 2610.81 2.00 2.50 
 B7_2 32° 1' 104° 40' 217.75 40 8000 34758.84 9334.34 1.50 2.00 
B8  32° 16' 104° 56' 227.68 70 8000 40167.06 8513.42 1.00 2.50 
B9  32° 28' 105° 13' 237.24 70 8000 28346.72 8513.42 0.50 2.00 
***B10  32° 35' 105° 25' 225.93 70 13000 17720.02 8513.42 2.00 0.00 
P1 P1_1 31° 9' 103° 46' 248.20 60 2000 21485.23 2309.40 0.50 0.20 
 P1_2 31° 9' 103° 46' 248.20 30 9500 21485.23 15000.00 1.00 0.20 
P2 P2_1 31° 20' 104° 2' 222.91 60 2000 42972.73 2309.40 1.00 0.50 
 P2_2 31° 20' 104° 2' 222.91 30 9500 42972.73 15000.00 2.00 0.50 
 P2_3 31° 20' 104° 2' 222.91 25 15000 42972.73 13014.11 1.00 0.00 
P3 P3_1 31° 32' 104° 12' 195.95 60 2000 16136.40 2309.40 0.80 0.80 
 P3_2 31° 32' 104° 12' 195.95 30 9500 16136.40 15000.00 1.20 0.80 
X1  31° 11' 103° 45' 124.22 90 15000 14470.15 15000.00 0.00 -1.00 
 
Table 5.3 
Fault parameters for the Model 3 (Figure 5.15). B represents the YBF, P the PF and X the XF. 
The latitude and longitude are the coordinates of the mid-point of the surface trace of each 
fault segment. 
* 
Positive value means the thrust and right-lateral motion respectively. 
**
The depth is measured from the terrain surface downwards. 
***
B10 is a blind thrust fault 5000m below the terrain surface. 
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Figure 5.15 (a) The geometric configuration of the 3D fault structure of Model 3 and the 
labels for each fault segment, B represents the YBF, P the PF and X the XF. The inset 
diagrams illustrate geometry of the YBF along the cross-section denoted by the red line C1 
and the relationship between the YBF and the PF along the cross-section denoted by the red 
line C2. (b) A different view of the 3D fault geometry. The green arrow points to the north. 
The blue lines in the inset represent the secondary fault. 
(a) 
(b) 
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(a) 
(b) 
Figure 5.16 (a) ALK interferogram; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated interferogram of Model 3. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
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(a) 
(b) 
Figure 5.17 (a) ALK DInSAR data; the black solid lines are the fault segments used in 
the model as shown in Figure 5.8. (b) Simulated DInSAR data of Model 3. The black 
dotted line in (b) indicates the setting as the secondary fault of the relationship between 
the YBF and the PF.  
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5.4 Discussion 
5.4.1 Assessment of the modelling results 
The comparison between the simulation results of the three models and the DInSAR fringe 
patterns indicates that the best fitting is the Model 3 when the PF is set as the main fault that 
intercepts the YBF at a depth of about 13 km. However, the depth of the PF in Model 2 
(segment P2_1 and P2_2 in Figure 5.12) and in Model 3 (segment P2_1, P2_2 and P2_3 in 
Figure 5.15) is inconsistent. The depth of the PF in Model 2 is set as about 10 km below the 
land surface; while that in Model 3, it is set as about 13 km below the land surface. Therefore, 
the comparison between the two models may not be fair. For a more fair comparison, an extra 
model, Model 4, was carried out that make the segment P2_3 in the Model 3 to become part 
of the YBF, segment B3_2 and other setting remain the same. As such, the YBF in the Model 
4 is the main rupture fault which intercepted the PF at a depth of about 13 km below the land 
surface. The fault geometry of the Model 4 is shown in Table 5.4 and Figure 5.18.  
Figure 5.19(a) and (b) shows the ALK DInSAR interferogram and the modelled 
interferogram of the Model 4 respectively. Figure 5.20 shows the ALK DInSAR data and the 
simulated DInSAR data. The simulated DInSAR fringe patterns in the Model 3 (Figure 
5.16(b)) and Model 4 (Figure 5.19(b)) are generally similar to each other however, with the 
basic setting of the YBF being the main fault, the Model 4 is unable to recover the dense 
fringe patterns in the area between the YBF and the PF. There are also discrepancies in the 
section of the hanging wall of B1–B3, in the SW section of the YBF where the fringe patterns 
presented in the ALK DInSAR interferogram (Figure 5.19(a)) are less well simulated in the 
Model 4 than in the Model 3. The ALK DInSAR interferogram (Figure 5.19(a)) and the 
Model 3 (Figure 5.16(b)) presents an oval fringe pattern composed of two rings in the hanging 
wall of segment B1 (the area NW of the fault trace and the dense fringe patterns) and a ring 
pattern on the hanging wall of segment B3. These two patterns are enclosed by a larger ring 
shown in both Figure 5.19(a) and Figure 5.16(b), extending from the SW end of the YBF to 
segment B3. While the fringe patterns in the same area in Model 4 present only one oval ring 
pattern in the hanging wall of the segment B1 and enclosed by a larger ring on the hanging 
wall of segment B3 (Figure 5.19(b)).  
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Now, the simulation result of Model 3, in comparison with those of Model 1, 2 and 4 
confirms that the DInSAR fringe patterns can be better simulated when the PF is set as the 
main rupture fault in the areas where the YBF and PF are parallel. In this interpretation, the 
PF links directly with the YBF, at both its NE and SW tips. It forms part of the main rupture 
fault zone of the Wenchuan earthquake, as denoted by the solid line in Figure 5.16(b) and 
Figure 5.17(b). This means that the PF is actually part of YBF while segment B3 of the YBF, 
which is parallel to the PF is possibly a secondary fault splay that joins the YBF at 13 km 
depth. In the original DInSAR interferogram (Figure 3.4), the area in between the two parallel 
faults lost coherence completely indicating intense and chaotic surface rupturing that is 
evident in field observations (Xu et al., 2009; Yu et al., 2010; Lin et al., 2009). The dense 
fringes recovered by ALK in this zone (Figure 4.6(b)) reveal the large magnitude of coseismic 
deformation which is significantly greater than the deformation in the areas SE of the PF and 
NW of the YBF. If we consider this zone is the footwall of the YBF and hanging wall of the 
PF, and if the YBF is the main fault which goes to a greater depth than the PF, then the 
deformation in the hanging wall of the YBF would be greater than in its footwall i.e., the 
fringe density should be higher on NW side of the YBF than on its SE side (the area in 
between the two parallel faults) as indicated by the simulation result of Model 2 (Figure 
5.13(b)). This is in obvious contradiction with the ALK DInSAR data in this area. 
Both the YBF and PF have relatively clear topographic expression in the satellite image and 
DEM but the linkage between the two at the NE and SW ends of the PF is not at all clear. 
While the local negative maxima of LOS displacement (Figure 4.5, white dotted line) shows a 
continuous extension of the rupture zone without any obvious bends or kinks, the horizontal 
motion in ground range direction (Figure 3.8) illustrates an clear eastward kink, north of 
Hanwang, at the same position as the widely accepted interpretation of the Longmenshan fault 
zone (Figure 1.1). The map of the horizontal motion in azimuth direction shows separate 
tracks for these two faults though the quality of the map is poor in general. Although these 
observations do not favour either interpretation, the Poly3D simulation, as constrained by 
these data, strongly support the model in which the PF is the main fault rupture in the area 
where the YBF and PF are parallel. 
Seismic reflection profiles across the Longmenshan fault zone could provide concrete 
evidences of the fault geometry and the relationship between the YBF and the PF. 
Unfortunately, none of the published seismic reflection profiles across the Longmenshan fault 
zone (e.g. Li et al., 2010) covers sufficient scope and depth to reveal the relationship between 
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the YBF and PF. The generally accepted opinion, that the YBF intercepts the PF, is based on 
interpretation and extrapolation (Li et al., 2010). However, evidence presented in this article 
indicates that this may not be the case. 
The ALK DInSAR fringe patterns can be better simulated in the NE segments (B8-B10) of 
the YBF only when the fault is given a rather steep dip angle (60
°
-70
°
). This is in agreement 
with most published models but is in confliction with the seismic reflection profiles. The 
discontinuity features in the seismic reflection profiles at Nanba and further to the NE become 
quite complicated and the interpretations are not conclusive (Li et al., 2010). However, 
extending the fault from the traceable surface rupture and displacement features to the 
statistical centres of the aftershock clusters at depth, seems to imply a rather steeply angled 
fault. For instance, the clusters of aftershocks in the Nanba area (B8) are almost directly 
below the displacement maxima at depths of 12 km to 20 km. 
Another dispute is in the Qingchuan area, the NE end segment of the YBF fault (B10). Here, 
the majority of focal mechanism solutions from the USGS and CDSN indicate a right-lateral 
strike slip fault. However, the characteristic circular fringe pattern with multiple rings in the 
ALK DInSAR interferogram, corresponding to B10 segment, can only be simulated by setting 
the fault segment B10 as a blind thrust 5 km below the terrain surface. This is the area where 
the YBF and Qingchuan faults join. On satellite images, whilst the linear feature of 
Qingchuan fault is very obvious, segment B10 of the YBF is rather vague. 
Poly3D provides a simplified simulation using discrete rectangular planes and therefore the 
curved fault planes and the diminishing fault displacement in the strike direction can only be 
roughly approximated by a sequence of discrete planes. Indeed, any such simulation is 
fundamentally limited by the software functionality and the key algorithms. The consistent 
simulation results matching the DInSAR data verified the credibility of the software but on 
the other hand, it is reasonable to accept considerable discrepancies at detailed scales of 
observation. 
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Table 5.4 
Fault parameters for the Model 4 (Figure 5.18). B represents the YBF, P the PF and X 
the XF. The latitude and longitude are the coordinates of the mid-point of the surface 
trace of each fault segment. 
* 
Positive value means the thrust and right-lateral motion respectively. 
**
The depth is measured from the terrain surface downwards. 
***
 B10 is a blind thrust fault 5000m below the terrain surface. 
Segment Sub-segment Latitude Longitude Strike (°) Dip 
(°) 
**Depth 
(m) 
Length 
(m) 
Width (m) *Dip 
slip (m) 
* Strike 
slip (m) 
B1 B1_1 30° 57' 103° 28' 227.87 60 2000 52316.91 2309.40 3.00 0.30 
 B1_2 30° 57' 103° 28' 227.87 35 16210 52316.91 24774.38 4.00 0.30 
 B1_3 30° 57' 103° 28' 227.87 20 17510 52316.91 3800.95 2.00 0.00 
B2 B2_1 31° 8' 103° 41' 209.03 60 2000 9135.99 2309.40 2.50 0.30 
 B2_2 31° 8' 103° 41' 209.03 35 16000 9135.99 24408.26 3.00 0.30 
B3 B3_1 31° 23' 103° 55' 220.61 50 13500 61298.62 17623.00 0.50 0.80 
 B3_2 31° 23' 103° 55' 220.61 25 1500 61298.62 3549.30 1.00 0.50 
B4 B4_1 31° 37' 104° 13' 259.56 50 2000 17128.86 2610.81 1.50 1.50 
 B4_2 31° 37' 104° 13' 259.56 40 13000 17128.86 17112.96 1.25 1.00 
B5 B5_1 31° 43' 104° 22' 210.96 50 2000 23263.78 2610.81 2.00 2.00 
 B5_2 31° 43' 104° 22' 210.96 40 11000 23263.78 14001.51 1.80 1.50 
B6 B6_1 31° 51' 104° 29' 229.76 50 2000 15098.28 2610.81 2.50 2.50 
 B6_2 31° 51' 104° 29' 229.76 40 11000 15098.28 14001.51 3.00 2.25 
B7 B7_1 32° 1' 104° 40' 217.75 50 2000 34758.84 2610.81 2.00 2.50 
 B7_2 32° 1' 104° 40' 217.75 40 8000 34758.84 9334.34 1.50 2.00 
B8  32° 16' 104° 56' 227.68 70 8000 40167.06 8513.42 1.00 2.50 
B9  32° 28' 105° 13' 237.24 70 8000 28346.72 8513.42 0.50 2.00 
***B10  32° 35' 105° 25' 225.93 70 13000 17720.02 8513.42 2.00 0.00 
P1 P1_1 31° 9' 103° 46' 248.20 60 2000 21485.23 2309.40 0.50 0.20 
 P1_2 31° 9' 103° 46' 248.20 30 9500 21485.23 15000.00 1.00 0.20 
P2 P2_1 31° 20' 104° 2' 222.91 60 2000 42972.73 2309.40 1.00 0.50 
 P2_2 31° 20' 104° 2' 222.91 30 27000 42972.73 13500.00 2.00 0.50 
P3 P3_1 31° 32' 104° 12' 195.95 60 2000 16136.40 2309.40 0.80 0.80 
 P3_2 31° 32' 104° 12' 195.95 30 9500 16136.40 15000.00 1.20 0.80 
X1  31° 11' 103° 45' 124.22 90 15000 14470.15 15000.00 0.00 -1.00 
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Figure 5.18 (a) The geometric configuration of the 3D fault structure of Model 4 and the 
labels for each fault segment, B represents the YBF, P the PF and X the XF. The inset 
diagrams illustrate geometry of the YBF along the cross-section denoted by the red line C1 
and the relationship between the YBF and the PF along the cross-section denoted by the red 
line C2. (b) A different view of the 3D fault geometry. The green arrow points to the north. 
The blue lines in the inset represent the secondary fault. 
(a) 
(b) 
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(a) 
(b) 
Figure 5.19 (a) ALK interferogram; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated interferogram of Model 4. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
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(a) 
(b) 
Figure 5.20 (a) ALK DInSAR data; the black solid lines are the fault segments used in the 
model as shown in Figure 5.8. (b) Simulated DInSAR data of Model 4. The black dotted 
line in (b) indicates the setting as the secondary fault of the relationship between the YBF 
and the PF.  
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5.4.2 A tectonic interpretation 
The geometry of the two main faults, the YBF and the PF, active during the 2008 
Wenchuan earthquake and the distribution of movement along them determined from this 
study should be considered in the context of their tectonic setting. The earthquake was the 
result of slip along a major transpressional boundary and displacement was concentrated 
along the YBF and the much shorter PF (Figure 5.8). The faults run parallel to each other and 
in close proximity, and the study described in this chapter demonstrates that the amount of 
thrust displacement on the YBF drops dramatically in the portion where it is adjacent to the 
PF. In this region the displacement is transferred to the PF. This transfer of displacement from 
one thrust to another, located further in the foreland, is known as foreland propagation by 
footwall collapse and is a mechanism of deformation that characterizes many fold/thrust belts 
(Boyer and Elliott, 1982; Price and Cosgrove, 1990; McClay, 1992; McClay (ed.), 1992). It is 
illustrated in Figure 5.21, which shows the early thrust, the YBF as a splay thrust, being 
abandoned as the floor thrust propagates to the SE and transfers its displacement onto a new 
splay, the PF. 
The linkage between the PF and the YBF is different at its two ends. At its NE end the PF 
merges with the YBF as the displacement along it dies out from a maximum in the middle of 
the fault to zero at its end. In contrast the SW end of the PF is marked by the XF which is 
steeply inclined and strikes at right angles to the PF (Figure 5.8). Field evidence indicates 
(Figure 5.7(b)) that movement along this fault is by strike-slip. It is possible that this fault has 
acted as a lateral ramp which allows the transfer of displacement from the YBF to the PF. 
Alternatively the PF may link to the YBF in the same way as it does in at its NE end, see 
Figure 5.8. 
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Figure 5.21 The spatial relationship and faulting geometry of the YBF, PF and XF. (a) Profile. 
Initially, the YBF was the main active thrust propagating toward SE and the PF started to 
emerge with the footwall collapse. (b) Profile. With the propagation of the thrust further 
towards the foreland in SE direction, the majority of the displacement was transferred from 
the YBF to the PF. (c) Plane view of the relationship between the YBF, PF and XF. (d) The 
3D faulting geometry of the YBF, PF and XF. The PF is currently the main thrust taking the 
majority of the motion. 
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Chapter 6 
Conclusions 
The goal of this research project is to investigate the seismic faulting geometry and slip 
motion based on the surface displacement of the 2008 Wenchuan earthquake. The DInSAR 
and sub-pixel offset techniques was firstly applied to the ALOS PALSAR data, as these 
techniques are effective and widely used to measure the surface deformation induced by 
strong earthquakes. After a comprehensive review of the theory and the experiments on the 
DInSAR data applications, an advanced image interpolation method, the Adaptive Local 
Kriging (ALK), was developed to recover the missing DInSAR data in the decoherence gaps 
in the seismic fault zone. Thus a refined LOS (slant range) surface motion map of the 
earthquake affected region was produced. Consequently, incorporates with the auxiliary 
datasets, the most possible fault configuration and the structural model of the Longmenshan 
fault system of the 2008 Wenchuan earthquake have been determined via a sequence of 
simulation of forward 3D modelling. The major findings and contributions of the research are 
summarized as follows. 
6.1 Conclusions of the research and major contribution 
6.1.1 Derivation of coseismic deformation data 
In Chapter 3, the cross-event fringe pairs of ALOS PALSAR data covering the whole 
Wenchuan earthquake region were processed using the ROI_PAC software to produce the 
DInSAR data. However, in the areas subject to the most significant deformation, i.e. along the 
earthquake fault zone (the Longmenshan fault system), the coherence is lost completely 
between the pre- and post-earthquake PALSAR images because of the intense and chaotic 
earthquake induced disruption on the land surface. No surface deformation data can be 
measured in this decoherence zone. To amend the missing data, the sub-pixel offset method, 
the PCIAS, was then applied to the cross-event PALSAR amplitude images to measure the 
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horizontal displacement in the ground range and azimuth directions in the fault zone. The sub-
pixel offset dataset helps to determine the surface motion of major seismic faults in key areas 
but it is insensitive to small displacements in comparison with the DInSAR data. 
6.1.2 Development of the Adaptive Local Kriging (ALK) method and 
DInSAR data refinement 
To retrieve the missing DInSAR data in decoherence gaps, the Adaptive Local Kriging 
(ALK) method was developed as described in Chapter 4. Based on the general concept of 
Kriging that things are close in distance should have a smaller measurement difference than 
those farther away from each another and in consideration that the deformation trend 
increases towards the seismic fault zone according to the basic faulting mechanism, the ALK 
was developed from the Ordinary Kriging with the new design that implements an adaptive 
moving window mechanism to derive a series of local linear semivariogram models instead of 
using a global semivariogram model as the case for the Ordinary Kriging. Thus, the gradient 
of the local linear semivariogram model increases with the decrease of distance towards the 
seismic fault. The ALK has two merits:  
i) The linear model derived from the window based local semivariogram emphasizes 
the local spatial variations in the DInSAR data and thus the ALK is locally more 
accurate. 
ii) The local linear models derived from the moving window procedure are a piecewise 
representation of a complex non-linear deformation trend for the entire DInSAR 
data and therefore the result is also more representative globally. 
The DInSAR data covering the entire Wenchuan earthquake region has been processed 
using the ALK to retrieve the missing data in the decoherence gaps along the major seismic 
faults, YBF and PF. As the deformation should intensify toward the fault line but in opposite 
direction on the hanging wall and footwall, the DInSAR data was divided into two halves 
along the interpreted YBF line and then the ALK refinement processing was performed on 
these two parts separately.  
However, there are two problems occurred: i) the error of the interpolated value increases 
considerably in large decoherence gaps because of the lack of good quality data for the 
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localized processing and ii) there is an artificial discontinuity along the interpreted fault line 
that separates the DInSAR data into two halves for the ALK processing. A multi-step 
processing procedure combining the ALK and the Ordinary Kriging was then developed to 
tackle these problems. First, in the large decoherence gaps, the reference points were 
randomly selected from the Ordinary Kriging interpolated data instead of from the original 
dataset as in most other areas where the DInSAR data are of good quality. Then, the ALK was 
carried out in the two halves of the DInSAR data. Finally, the data of the vicinity area of the 
discontinuity along the both sides of fault line was re-processed together using the ALK. This 
multi-step processing procedure improved the interpolation quality in large decoherence gaps 
and the final interpolation result is not sensitive to the exact position of the initial fault line 
separating the data into two halves. Therefore, the continuous deformation data across the 
seismic fault in the decoherence zone can be generated.  
For accuracy assessment, the corresponding profiles of the original unwrapped differential 
interferogram and the ALK refined DInSAR data were compared. The multi-step ALK 
procedure successfully interpolated the values which are very close to the original dataset. 
The correlation coefficient between the original dataset and ALK DInSAR data is approach to 
1 and the maximum RMSE for each path of the DInSAR data is much less than the half 
wavelength of the L-band, which implies that the adaptive local linear gradient honours data 
and shows the high fidelity to the original dataset and without over smoothing in the 
decoherence zone where the data are missing. To further verify the fidelity of the ALK 
method to the original data, selected dense fringe patterns in the original DInSAR data were 
artificially masking off in different portions and then the ALK processing was applied to 
recover the data. The experiment results prove that the ALK method can retrieve the missing 
data with high fidelity and robust to cope with fairly large data gaps.  
Although the computation is demanding, the approach ensures the high quality retrieval of 
the missing deformation data. The ALK refined DInSAR data provided the continuous LOS 
deformation map of Wenchuan earthquake region, which is essential for initial configuration 
and fine tuning of the seismic faulting geometry and mechanism in the forward 3D modelling 
of the Longmenshan thrust belt. 
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6.1.3 Forward 3D modelling of the Longmenshan fault zone to reveal the 
relationship between the YBF and the PF  
For the eastward looking PALSAR data, any positive LOS or ground range offset on the 
uplifting hanging wall of the NE trending YBF must involve considerable eastward motion 
and vice versa for the footwall. With this understanding, the combination of the refined 
DInSAR LOS deformation data and the sub-pixel offset maps in ground range and azimuth 
directions enables improved interpretation of the faulting motion in several key areas of the 
Wenchuan earthquake. Based on the constraints from the ALK DInSAR data and horizontal 
displacement vector field of the sub-pixel offset data together with the auxiliary datasets from 
other publications, such as field observation data, focal mechanism solutions, seismic 
reflection profiles and other fault slip inversion models, the initial configuration of the fault 
model of the Longmenshan fault system was then developed for the forward modelling using 
the Poly3D software. The basic model is composed of 14 fault segments with the dip angles 
varying from 20
 
 - 60
 
 degrees, in the south-west, to 40
 
 - 70
 
 degrees, in the north-east. 
There are considerable dispute on the relationship between the YBF and PF where these 
two faults are parallel. To reflect the two major dividing interpretations, the forward 
modelling was carried out mainly based on three scenarios: 
Model 1: Yingxiu-Beichuan fault (YBF) is the main fault with a single dipping plane for 
each fault segment. 
Model 2: Yingxiu-Beichuan fault (YBF) is the main fault with variable dip angles at depth 
for the major fault segments and with steepening dip angle toward the NE segments of the 
YBF. 
Model 3: Pengguan fault (PF) is the main fault and that the major fault segments have 
variable dips and with steepening dip angle toward the NE segments of the YBF. 
The forward modelling of the Longmenshan fault zone indicates that the fault motion was 
mostly thrusting in the southern segments of the YBF and the PF, and progressively changed 
to the right-lateral strike slip as the fault is traced NE direction. An analysis of the data 
indicates that in the region where the PF runs parallel to the YBF, displacement has been 
transferred to the former from the latter. This process of forward propagation of a thrust by 
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footwall collapse characterizes many fold/thrust belts and is compatible with the general 
tectonic setting of the region.  
The model experiments produced results which, although at variance with previous 
interpretations, in the light of the evidence presented, are difficult to refute. They are 
summarized below. 
1. In the section of the fault zone where the YBF and the PF are parallel, the dominant 
opinion is that the YBF is the main fault and that it intersects the PF at a depth of about 
10 km. However, according to the experiments, the dense fringe patterns in the ALK 
DInSAR data in the area between the two faults can be simulated to achieve a much 
better fitting only when the PF is set as the main fault that intercept the YBF at a depth 
of about 13 kilometres. This geometric relationship between the two faults and the 
distribution of slip is compatible with them being two adjacent splay faults on a 
propagating thrust. Thrusting is currently concentrated along the YBF except in the 
region where it is parallel to the PF. Here the PF represents the propagation of the thrust 
towards the foreland and the transfer of the majority of the displacement from the YBF 
to the PF (Figure 5.21). 
2. To produce simulated fringe patterns which are a reasonable fit to the ALK DInSAR 
interferogram, the dip angle of the YBF has to increase (up to 70
°
) as the fault is traced 
from the SW to NE. This agrees with most simulation results by other researchers but 
contradicts the interpretation of limited seismic reflection profiles which suggests much 
gentler dip angles along the section from Nanba toward the NE. 
3. In the Qingchuan area, the NE segment of the YBF (B10) is interpreted as a blind thrust 
5 km below the terrain surface according to the model that best simulates the 
characteristic circular, multiple ring pattern in the ALK DInSAR interferogram in the 
area. However, the majority of focal mechanism solutions from the USGS and CDSN 
indicate a dextral strike slip fault. 
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6.2 Future works 
This research is constrained by the data available and the time limit but it makes a solid 
contribution to improve the understanding the giant Longmentshan thrust belt. The study can 
be extended to further depth with more data sources and field investigations.  
6.2.1 Additional data sources for derivation of true 3D deformation 
The DInSAR data used in this research were taken in ascending eastward-looking orbit only. 
The LOS displacement (phase shift) can be resulted from both ground range motion and 
vertical motion according to the SAR imaging configuration. A 3D displacement vector 
comprises three independent components: east, north and up. The pixel-offset map of azimuth 
direction can constrain the north component but the ground range pixel-offset is related to the 
LOS displacement with a sin function and cannot be used to constrain the east component. 
Thus the up (vertical) component remains unsolved. It is therefore not possible to decompose 
these 3 components using SAR images taken in one orbit direction. The cross-event optical 
images can provide independent data of the horizontal motion induced by an earthquake via 
pixel-offset technique however, because of the weather condition, the cloud free cross-event 
optical images pairs of the Wenchuan earthquake are largely not available. Another data 
source is the descending PALSAR data in ScanSAR mode, which could help to resolve the 
full 3D surface displacement though with lower spatial resolution. Other complementary data 
such as GPS data can provide control points to resolve the 3D displacement at the vicinity of 
the observation locations but not provide full 3D displacement data of the whole earthquake 
affected region. As indicated in Chapter 5, the interpretation of the fault motion along the NE 
trending Longmenshan thrust belt using the eastward-looking PALSAR data is particular 
tricky and the true 3D deformation data are essential to reveal the coseismic faulting motion. 
6.2.2 Discrepancy on Qingchuan fault 
The circular fringe patterns can be observed in the differential interferogram in Qingchuan 
area in Path 471, as shown in Figure 3.4. Based on the forward modelling in this research, the 
circular patterns can only be simulated by a blind thrust fault which is about 5km below the 
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surface (model 2, 3 and 4 in Chapter 5). However, the focal mechanism solutions from the 
USGS and CDSN indicate a dextral strike slip fault in this region. The discrepancy has not yet 
been addressed in the recent publications. From the satellite images and the DEM of the 
region, it is difficult to identify obvious ruptures along the interpreted YBF faults in 
Qingchuan section and the fault cannot be traced from Shiba to Qingchuan in the horizontal 
displacement maps, but the DInSAR data show obvious deformation patterns that can be 
simulated by a blind thrust in our forward modelling. This implies the complicity of the 
geological structure in the region and further investigation is needed. 
6.3 Final remark 
The main original contributions of this thesis are: 1) design and development of ALK 
method and multi-step ALK processing procedure to refine the DInSAR data that is degraded 
by decoherence gaps. 2) Reveal the faulting styles and clarify the structural relationship 
between the Yingxiu-Beichuan fault (YBF) and the Pengguan fault (PF) of the Longmenshan 
thrust belt based on the measured coseismic motion of the Wenchuan earthquake via forward 
3D fault modelling. 
The design of the ALK method and the development of the multi-step ALK DInSAR data 
refinement procedure are novel. With the ALK refinement processing, the missing DInSAR 
data in the decoherence gaps of the Longmenshan fault zone are successfully retrieved and the 
opposite deformation trends on the hanging wall and the footwall of the seismic fault are 
reserved in a continuous LOS displacement map. The successful application and rigorous 
assessment have demonstrated that the ALK can interpolate the data values with high fidelity 
to the original data with complicated spatial variation. The ALK method is not only generally 
useful for retrieval the missing data in decoherence gaps in the DInSAR data but also 
applicable to fill the gaps in other types of datasets. In a wide perspective, the method is can 
be used to refine the corrupted data from nearby high quality data based on local data spatial 
trend. 
The main new finding of forward 3D fault modelling of the Longmenshan fault system is to 
confirm that in the most dispute region where the YBF and PF are parallel, the PF is the main 
rupture fault that intercepts the YBF at a depth of about 13 kilometres. This is in contradiction 
to the dominant opinion but there is no deliberation to be different. Going through a sequence 
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trial-and-error simulation and fine tuning the key parameters, the forward modelling can 
achieve the best fitting between simulated fringe patterns and the ALK differential 
interferogram in this area only when we accept this basic setting. It is interesting to notice that 
the track of the YBF from NE to SW takes a sharp turn to NW at the position where the PF 
starts to emerge; the PF actually follows the trace where the YBF should take if without the 
NW kink. This geometric relationship revealed in our model is exactly compatible with them 
being two adjacent splay faults on a propagating thrust from NW to SE. Another finding of 
the 3D fault modelling is to have revealed that the NE section of the YBF in Qingchuan area 
is likely to be a blind thrust 5 km below the surface. However, the majority of focal 
mechanism solutions from the USGS and CDSN indicate a dextral strike slip fault there. 
Further investigation is pending.  
Indeed the 3D fault modelling is constrained and limited by the software used but Poly3D is 
a well established and widely used software package for the purpose and we so far have no 
reasons to suspect that our results, which match the local tectonic setting well, are due to 
software artefacts. 
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